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Dedicated to those who struggle with depression.   
Don’t let anyone let you lose track of who you are, or what you desire to become.   
Even if that person is yourself.   
Because then, nothing can stop you. 
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Abstract 
 
 Photoelectrochemical (PEC) water splitting is one viable method for harvesting and storing 
solar energy, serving as a benign alternative to fossil fuels as a way of powering society 
sustainably.  It involves the conversion of water to O2 and H2 gas to be used as a portable fuel.  
However, many cheap, binary metal oxides like TiO2, WO3, and a-Fe2O3 don’t have the ideal 
properties needed for the first step of oxidizing water, such as high Faradaic efficiency, absorb 
visible light, high stability at a wide range of pH, or high rates of reaction and high external 
quantum efficiencies. 
 On the other hand, homogeneous water oxidation catalysts (WOCs) are much better suited 
to oxidize water selectively at low overpotential compared to metal oxide semiconductors.  They 
are easily tunable based on the ligand design and can achieve high turnover numbers. However, 
they are not capable of oxidizing water without the use of an external energy source.  In this way, 
they can serve as a coating on top of a light-absorbing semiconductor that suffers from low 
Faradaic efficiency.  In addition, molecular dyes such as [Ru(bpy)3]2+ can serve to increase visible 
light absorption on metal oxide semiconductors that suffer from low visible light absorption 
without significantly hindering their catalytic activity for water oxidation. 
Many researchers have designed devices that functionalize metal oxide photoanodes with 
WOCs or dyes, but they also suffer from instability of the molecular|solid-state interaction due to 
either anchoring group desorption or instability, and/or catalyst/chromophore decomposition 
during water oxidation in a PEC cell.  Few have probed the inherent stability of the WOC that they 
anchor to the surface toward the conditions in which it experiences in a PEC cell, such as 
illumination in the presence of oxygen, and acidic or basic conditions. 
 This thesis will quantify these phenomenon as a means of getting to the heart of the 
problem, in order to determine ways to improve the system.  First, I explore the binding constants 
and adsorption/desorption kinetics associated with phosphonic acid and hydroxamic acid on two 
common photoanodes for water oxidation, TiO2 anatase and WO3.  In this section, I discuss 
hydroxamic acid as a more suitable anchor for TiO2 anatase under neutral and basic conditions, 
  xxi 
while showing that phosphonic acid is primarily only suitable for highly acidic conditions on TiO2 
and WO3.  I will then dive into a deep discussion on the inherent chemical stability of a known 
WOC, Fe(bpmcn)Cl2 toward typical water oxidation conditions in a PEC cell – visible light in the 
presence of O2, and acidic and basic conditions.  In all three cases, the non-heme iron complex 
shows reactivity with different rate constants associated with each phenomenon.  In acid and base, 
the Fe(bpmcn)Cl2 dissociates into [Fe(H2O)6]2+ in acidic conditions, or becomes oxidized in air or 
electrochemically in basic conditions to become a-FeOOH(s).  Here, I present the case that the 
basic precipitation of Fe(bpmcn)Cl2 to form a-FeOOH allows for a controlled, anisotropic 
morphology that leads to an electrochemically active powder for water oxidation. 
 Finally, I discuss at the end of the thesis potential areas in which you could move forward 
with this information.  This discussion includes the pursuit of new anchoring groups better suited 
for the neutral to basic regime other than hydroxamic acid.  
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Chapter 1 
Introduction 
 
1.1 The Building Evidence Necessitating Sustainable Renewable Energy 
 There are well-supported scientific arguments that necessitate research toward replacing 
fossil fuels as society’s primary energy source with sustainable, renewable energy.  One argument 
is the exponential build-up of carbon dioxide, the gaseous by-product from burning coal, natural 
gas, and gasoline.  The chemical reaction for the general combustion of hydrocarbons found in 
fossil fuels in the presence of oxygen is presented in Eqn. 1.1. 
 2CnH2n+2 	+ 	(3n+1)O$ 		→ 		2nCO2		+		(2n+2)H2O Eqn. 1.1 
 
Producing CO2 on a global scale is concerning due to the strong IR-active vibrational modes of 
CO2, subsequently trapping IR radiation that we feel as heat.  Hundreds of thousands of years of 
data collected from Dome C ice cores in Antarctica regarding global concentration of CO2 in 
(ppm)1 in the atmosphere and global average temperature fluctuations (in ºC from a 1,000 year 
average)2 have definitively demonstrated a high correlation between the two variables, shown in 
Figure 1.1a.  While the highest the concentration of CO2 prior to the industrial revolution has only 
reached ~310 ppm in Earth’s recorded history prior to the Industrial Revolution, we have observed 
the concentration of CO2 steadily increase to over 400 ppm since 1880 (Figure 1.1b).3  
Subsequently, a trend toward a global average temperature of 2 ºC above the 20th century average 
is also observed.4 
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Figure 1.1. (a) [CO2] in ppm and ∆T in ºC (from an average of the last 1000 years) in the previous 
800 kyr, and (b) [CO2] in ppm and ∆T in ºC (from the 20th century average) between 1884 – 2015. 
 
 It is worrisome what the predicted consequences a significant rise in CO2 can have and 
what will follow, with implications on global climate including but not limited to, rising sea levels, 
increasing ocean acidity, extreme weather patterns and fluctuations, and rising average global 
surface temperatures.5–8 Although specific details on these consequences will not be discussed in 
here, they are invoked to propose that alternative energy harvesting and storage mechanisms absent 
of carbon dioxide as a major byproduct are paramount. 
 Climate effects of CO2 emissions aside, a second major argument for sustainable, 
renewable energy involves the exponentially increasing global demand for energy observed and 
predicted within the next 100 years.  Although the current most economically viable option for 
energy consumption is the use of fossil fuels such as oil and coal,9 they are inherently a finite 
resource.  Long-chain hydrocarbons buried within the earth take millions of years to form yet are 
consumed for our energy purposes at a much faster rate. With the world population and energy 
demand rising exponentially, and the correlation between per capita energy demand and per capita 
gross domestic product (GDP),10 the predicted energy requirements necessary to meet this demand 
will reach 47.9 PWh, or 173 EJ/yr , by the year 2050.11–13  We must guarantee an energy source 
that can sustain this predicted demand without a drastically negative influence on the price of 
energy. 
  Of the main forms of renewable energy sources used, such as hydrothermal, geothermal, 
solar energy, and wind, solar energy is particularly attractive due to the amount of energy that 
reaches the earth’s surface.  In just one day, 10,320 EJ reaches the surface after accounting for 
scattering and absorption by the atmosphere, two orders of magnitude more than the projected 
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global energy consumption in the year 2050.9,11,12  However, an obvious concern with solar energy 
is the inherent intermittence nature of sunlight.  In that regard, it is important to not just harness 
solar energy during daylight, but also to store that energy for use when the sun is not available.  In 
addition, peak energy consumption times (~5–8 PM in the United States)14 do not line up well with 
the highest intensity of sunlight (~10 AM–3 PM),15  as shown in Figure 1.2. Without a reliable 
way to store the harvested energy, much of this energy would go unused, while high energy 
demand would be matched with low supply. 
 
Figure 1.2. Plot of (black) U.S. energy demand on January 25, 2018 overlaid with (red) solar 
irradiation measured in Detroit, MI in 1990. 
 
 For solar energy to contribute significantly to energy consumption, significant 
advancements must be made in technology to not only harness, but also store solar energy.  Efforts 
are currently being made to not just develop technology to harness solar energy, but also reliably 
store it. 
 
1.2 Solar Energy Conversion, Solar Water Splitting, and Photoelectrochemical Cells 
One known way of converting solar energy to usable electricity is through polycrystalline 
Si-based photovoltaic (PV) cells.  The first Si-based PV was fabricated in the 1950s by Bell 
Laboratory, subsequently put on the market in the 1970s, and recently has achieved external 
quantum efficiencies of ~20%.16 However, the cost of current commercial Si photovoltaics at that 
efficiency are significantly hindered by the amount of energy needed for the 99.999999999% 
purity of the trichlorosilane precursors used to make the extremely pure Si crystalline material in 
the cell, which is created through the reduction of HSiCl3 with H2 at high temperature.17  In order 
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to be more cost effective, cost reduction requires a different approach, even if that approach 
involves a different material to harvest sunlight.  In addition, photovoltaic cells require a separate 
mechanism to store this energy.  However, lithium-ion batteries currently cost too much per unit 
energy for grid-scale storage, with current DoE goals of approximately $125 kWh–1. Replacements 
for lithium are still in the research phase.18 Although this technology still holds great promise for 
the future, a more direct approach for solar energy conversion and storage lies in the splitting of 
water into oxygen and hydrogen fuel. 
In 1972, Fujishima & Honda published an article in Nature describing solar water splitting 
through a photoelectrochemical (PEC) cell, with TiO2 as the photoanode and a platinum counter 
electrode, to produce oxygen and hydrogen (see Eqn. 1.2 – 1.4).19 For heterogeneous 
photocatalysts and photoanodes, water oxidation is accomplished primarily on metal oxide 
semiconductors including but not limited to TiO2 anatase, WO3, a-Fe2O3, CuWO4, and BiVO4.20–
28  In these examples, all are used as photoanodes in a 3-electrode PEC cell, described in Scheme 
1.1.  Here, light comes in to the cell through a quartz window to illuminate a photoanode working 
electrode, generating an electron-hole pair in the material.  In an n-type semiconductor anode and 
under a closed circuit system, the holes are located in the valence band of the material, which you 
can think of as the solid-state analogue to the highest-occupied molecular orbital in a small 
molecule.  The holes generated go toward the surface of the anode to participate in the oxidation 
of water to form oxygen and protons.  The excited electrons, on the other hand, exist within the 
conduction band of the material, or the solid-state analogue to the lowest-unoccupied molecular 
orbital of a small molecule.  These excited electrons go toward the electrical back contact and are 
collected by the potentiostat (represented by circle in Scheme 1.1) and then sent to the counter 
electrode (cathode) for the reduction of protons to hydrogen gas. 
 
O2(g)+  4H+ +  4e–  →  2H2O Eredo  = –1.23 V vs NHE Eqn. 1.2 
4H+ +		4e-  →		2H2(g) Eredo  = 0.00 V vs NHE        Eqn. 1.3 
 
2H2O  →		O2(g)+		2H2(g) Erxno  = 1.23 V vs NHE Eqn. 1.4 
 
The energy that can be stored in the bonds of O2(g) and H2(g) is 237 kJ per mole of water 
split, but still requires an overpotential or activation energy in order to drive the reaction.  In fact, 
the bottleneck of this reaction is considered the oxidation of water to O2 and H+, as it is kinetically 
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challenging to create an O–O bond from two water molecules, with multiple highly reactive 
intermediates.29,30 Since the initial publication of the Fujishima & Honda paper, countless 
researchers have worked to improve this technology toward overall solar water splitting with 
visible light near neutral pH, both on heterogeneous and homogeneous light absorbers and 
catalysts.   
Scheme 1.1.  Photoelectrochemical (PEC) Cell of Photoanode Working Electrode Designed 
for Solar Water Splitting. 
 
Overall:     2H2O(l)  →  O2(g) + 2H2(g) 
 
1.3 Heterogeneous, Homogeneous, and Molecular|Solid-State Water Oxidation Catalysis 
Continuing with PEC cells, two common photoanodes used in the literature for water 
oxidation are TiO2 anatase, and monoclinic WO3. An example of the valence and conduction band 
edges of TiO2 anatase and WO3 materials in relation to electrochemical reduction potentials for 
solar water splitting are shown in Scheme 1.2.  Two key aspects of Scheme 1.2 are the band 
positions and the band gap.  While the energy gap between the valence band maximum and the 
conduction band minimum dictates the wavelength of light that the material can absorb, the 
position in energy of these band edges dictates what electrochemical redox reactions the material 
can participate in.  Ideally, a metal oxide suitable for overall solar water splitting would have a 
valence band maximum more positive in electrochemical potential than the redox potential for 
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water oxidation (1.23 V vs NHE), a conduction band minimum more negative than the reduction 
potential of protons to hydrogen gas (0.00 V vs NHE), and a band gap energy, Eg, of 1.8 eV < Eg 
< 3.1 eV. Shown in Scheme 1.2, the band gap of TiO2 is ~3.2 eV, while the band gap of WO3 is 
~2.7 eV.31  In these examples, the valence band edge of the semiconductor is positioned to provide 
oxidizing power to drive water oxidation from a thermodynamic perspective, with a conduction 
band positioned to absorb visible light and UV light to generate the excited state electron-hole pair 
to drive the reaction from a thermodynamic perspective. 
 
Scheme 1.2.  Valence and Conduction Band Positions for TiO2 Anatase and WO3 Compared 
to Water Oxidation and Proton Reduction Potentials at pH 0. 
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It is clear from Scheme 1.2 that both TiO2 and WO3 are thermodynamically suitable for the 
oxidation of water, but only the conduction band of TiO2 anatase is in a suitable location for the 
reduction of protons when an electron is excited into the conduction band from photon absorption.   
 To fully describe the design of new OER catalysis, the semiconductor/liquid interface in a 
PEC cell must be discussed.  An illustration of this process is shown in Scheme 1.3.  When an n-
type semiconductor anode is placed into a buffered solution of water, there is an inherent mismatch 
in the redox potential of the active species in solution (H2O/O2 = 1.23 V vs NHE) and the Fermi 
level, EF, of the semiconductor. The Fermi level is defined as the average energy of available 
electrons in a specific phase, which depends on the work function of the electrode. So, at absolute 
zero, EF = Eg 2⁄ .  Ideally, in order for the semiconductor to be at equilibrium with the solution in 
the dark such that no electrons are moving, the condition )* = 	),-./.-  should be met.  In an n-
type semiconductor, this requires electrons to move from the solid to the liquid, depleting the 
surface of the material of electrons and thus lowering the EF.  Practically speaking, EF and ),-./.-never truly reach equilibrium, causing the deprotonation of surface-bound water molecules 
to compensate for charge.  This amount of charge changes as a function of pH and Lewis acidity 
of the metal oxide, and ultimately dictates the point of zero charge (PZC) for a metal oxide 
semiconductor in water.  It is important to point out that there is no significant change in the redox 
potential of the redox species in solution, ),-./.- , during equilibration as compared to the change 
in EF at the surface of the semiconductor. Here, the EF becomes more positive and moves toward ),-./.- .  This transfer of electrons out of the solid creates an overall positive charge within the 
material at the surface, forcing negatively charged ions within the solution to compensate the 
positive charge.  The region in which there is a depletion of electrons within the material near the 
surface is called the depletion region.  Meanwhile, the build-up of negative charge within the 
electrolyte to balance the positive charge on the surface makes up the Helmholtz double layer.  
This double layer consists of layers of ions more concentrated than they are in the bulk solution, 
with the first layer being more densely packed negatively charged ions than the second layer. 
 Once the EF has reached equilibrium with the solution and a photon is absorbed by the 
material, another electrochemical potential mismatch occurs.   In this moment, an electron, e–, is 
excited into the conduction band and lies at the conduction band minimum, leaving behind a hole, 
h+, at the valence band maximum.  These electron-hole pairs generate free charge carriers that 
drive electrochemical reactions near the surface.  For an n-type semiconductor photoanode, the 
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holes accumulate near the surface of the material and create an overall positive charge at the 
surface.  For TiO2 anatase and WO3, a photon of sufficient energy (< 390 nm for TiO2 anatase, and 
< 460 nm for WO3) must be absorbed by the material in order to drive water oxidation.32,33   All 
of this generates an electric field at the anode surface orthogonal to the surface, forcing electrons 
toward the semiconductor/liquid junction. When the anode and cathode are connected by an 
external circuit like a potentiostat, water bound to the surface (typically under an additional applied 
bias from a potentiostat or other external energy source to aid in the process) then donates electrons 
to fill the holes in the valence band of the material, generating O2(g) and protons at the surface of 
the material.32,33  This chemical reaction forces a current to be generated due to the photo-excited 
electrons leaving the material, and the holes being filled by electrons from water.  In an ideal case, 
because photons are constantly absorbed by the material, transferring electrons from the valence 
band to the conduction band and electrons from water filling the holes left behind in the valence 
band, EF will no longer equal that of ),-./.- , leaving a permanent electric field that constantly 
drives the oxidation of water.  In addition, all current recorded by the potentiostat is ideally derived 
from the electrons used in the oxidation of water, making the material have 100% Faradaic 
efficiency for water oxidation; however, some materials such as WO3 do not have 100% Faradaic 
efficiency for water oxidation, primarily attributed to either incomplete oxidation of water to form 
peroxide intermediates, or the oxidation of the electrolyte such as Cl–, PO43–, or SO42–.34,35 
 Homogeneous water oxidation catalysts, on the other hand, allow water oxidation to occur 
on the molecular level with fine tenability of reactivity as a function of the metal center and design 
of the ligand backbone.  Recent examples in the literature of molecular water oxidation catalysts 
are shown in Scheme 1.4.36–38  While their mechanisms vary between unimolecular and 
bimolecular in nature, they also vary in turnover number (TON, mol O2 mol–1 catalyst) and 
turnover frequency (TOF, mol O2 mol–1 catalyst s–1) depending on the metal center, lability and 
basicity of the ligand, and stability toward oxidative and corrosive conditions.  Because of these 
variables, TONs can range from ~1 to ~10,000 and TOFs can vary from 0.14 s–1 for 
Fe(bpmcn)Cl236 to 107 s-1 for single-site derivatives of the Ru(bpa)(pic)2 catalyst39 and an 
astounding 50,000 s–1 for bidentate derivatives (two catalysts required per O2 generated) when 
measured electrochemically at pH 10.40 
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Scheme 1.3.  Idealized band diagram illustration of semiconductor/liquid interface for an n-
type semiconductor in buffered water in dark (a) before and (b) after equilibrium, and (c) 
under illumination 
 
 
Scheme 1.4.  Examples of Known Water Oxidation Catalysts Commonly Found in the 
Literature. 
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However, TONs are typically small for Ru(bda)(pic)2 derivatives, lasting only ~5-10 
minutes prior to full decomposition of the catalyst (TON ≲ 100).  For Fe(bpmcn)Cl2 and 
Ru(Mebimpy)(bpy)(BF4)2, both single-site catalysts, their TONs are typically higher, ranging from 
~1000 – 11,000 once the complex has been immobilized on a conductive metal oxide substrate 
such as fluorine-doped tin oxide (FTO).36,41  In fact, it has been shown that immobilizing 
homogeneous water oxidation catalysts onto metal oxide surfaces increases the lifetime of the 
complexes, albeit with diminished TOF.41 The active species of these various Fe, Ru, or Ir-based 
catalysts typically involve a MIV=O/MV=O (unimolecular) or MIV-O–O-MIV (bimolecular) 
intermediate with an electrochemical potential ~1.5 V vs NHE to generate the active species.  An 
example of the known mechanism behind catalytic water oxidation using Fe(bpmcn)Cl2 is reported 
in Figure 1.3, a catalyst that will be discussed in Chapters 3 and 4. For Fe(bpmcn)Cl2, the 
mechanism for water oxidation involves the nucleophilic attack of the L4FeV=O intermediate, 
forming the kinetically challenging O–O bond as an L4FeIII-OOH state prior to the further 
oxidation of the iron center and the subsequent elimination of O2 to return to the L4FeIV=O ground 
state. 
 
Figure 1.3. Proposed mechanism for the oxidation of water by the Fe(bpmcn)Cl2 catalyst with 
Ce4+ as the sacrificial oxidant.  Adapted from ref. 36 with permission from Nature Publishing Group. 
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 Although the complexes listed in Scheme 1.4 are highly selective for water oxidation and 
can be easily tuned for high rates of reaction, they require a sacrificial oxidant in order to achieve 
the active species for water oxidation.  Typical oxidants are Ce4+, S2O8–, or IO4–,36,38,42 and are 
energy-intensive to synthesize and are wasteful by nature.  Replacing a sacrificial oxidant with a 
potentiostat applying electrochemical bias to generate the active species is also common, but the 
energy still must come from an external energy source that are often powered by non-renewable 
resources.  However, semiconductor materials with highly positive valence band energies such as 
TiO2 or WO3 could serve as an intermediary to use UV or visible light to generate the active species 
without the need for wasteful, high energy sacrificial intermediates.  In pursuit of replacing 
sacrificial reagents, many have explored tethering molecular oxygen evolution reaction (OER) 
catalysts to surfaces of common binary metal oxides such as TiO2 anatase, WO3, and a-Fe2O3.37,48–
52 Common issues with these semiconductors include the poor selectivity for water oxidation and 
electron transfer kinetics of WO3 and a-Fe2O3, respectively,27,45–47 or poor absorption of lower-
energy visible light like that of TiO2 anatase.  Given that sunlight that hits the earth’s surface is 
only 4% UV, it is critical to design PEC cells that absorb more of the visible spectrum (see Figure 
1.4.).  Therefore, those that have attempted to tether molecular catalysts to surfaces of TiO2 have 
also anchored [Ru(bpy)3]2+,48–51 a well-known molecular dye with a symmetry-allowed metal-to-
ligand charge transfer event from the 12- orbital of the Ru2+ center (HOMO) to the conjugated π-
system of the bipyridine ligands (LUMO) caused by the absorption of visible light (3456 = 455 
nm, 7 = 104 M–1 cm–1).52  This dye is particularly useful for increasing the visible light absorption 
of TiO2 due to the proper alignment of the excited state energy in relation to the TiO2 conduction 
band edge (–0.2 V vs NHE).31  
 The most common anchoring group used to tether most molecular catalysts or dyes to the 
surface of TiO2 or WO3 is phosphonic acid, R-PO3H2 due to its high stability in acidic conditions 
and ease of synthesis.48,49,53,54  However, the instability of this molecular|solid-state system under 
illumination during catalysis is primarily attributed to either chromophore decomposition and 
desorption of the anchoring group in water at neutral or basic pH. Much is known regarding the 
photochemical and electrochemical instability of both [Ru(bpy)3]2+ and the phosphonate anchor, 
primarily in dye-sensitized solar cell devices and in aqueous conditions. A primary goal of 
researchers in this field is to stabilize this system and its hydrolysis-prone anchor.55–57 To that end, 
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there are even reports of burying the complexes in insulating materials to prevent water or hydroxyl 
groups from attacking the anchor.  However, this strategy reduces the observed photocurrent.58 
Further, not much is reported on the inherent stability of molecular OER catalysts to the 
conditions typically found in water oxidation – visible light, oxygen, acid, and base.  Our group 
recently developed such a molecular/solid-state electrode, Fe|WO3, where the iron species is the 
non-heme iron WOC, Fe(tebppmcn)Cl2 (tebppmcn = tetraethyl N,N′-bis(2-methylpyridyl-4-
phosphonate)-N,N′ dimethylcyclohexyl-diamine), with a phosphonate anchoring group to attach 
the molecule to a tungsten oxide surface.42  The intent of creating this system was to eliminate the 
need for a sacrificial reagent to oxidize the iron complex, while also improving the OER efficiency 
for WO3 in a PEC cell. Indeed, we observe a 60% increase in the photocurrent generated, coupled 
with a 30% increase in the OER efficiency over the first three hours of operation. Using an iron 
complex is preferable to more common ruthenium complexes commonly used in dye-sensitized 
solar cells, PEC cells, and photoelectrosynthesis cells because of their significantly lower cost. 
However, the true active species and the fate of the iron complex could not be identified with 
confidence, as the molecule was no longer observed spectroscopically or electrochemically on the 
surface of WO3 after 3 hours of operation in aqueous sulfate solution at pH 3 under low loadings 
(15 nmol/cm2). Similar disappearances of other Ru-based complexes have also been observed, and 
decomposition is typically ascribed either to hydrolysis of the anchoring group, forcing the 
molecule to leave the surface, or to chromophore decomposition.48–50 Again, many of these reports 
use phosphonate as the anchor.  No quantitative understanding of the interactions between 
phosphonate and TiO2 anatase or WO3 in aqueous media at various pH has been reported. In 
addition, many of the aforementioned homogeneous catalysts have reported ligand dissociation of 
the h1 ligands as the primary deactivation pathway.  To that end, it is crucial to quantify the stability 
of both anchoring group and molecular catalyst choice for tethering to TiO2 and WO3. Specifically, 
it will be important to critically analyze the stability of the molecular|solid-state interactions “from 
the ground up”, starting at the metal oxide-anchor interaction and ending at the stability of the 
catalyst.  Starting from the metal oxide semiconductor, it will be important to find an anchoring 
group that binds strongly to the metal oxide at the particular pH in which the semiconductor is 
stable and best suited for water oxidation.  After quantifying that interaction and finding a suitable 
anchor, it is then important to choose a molecular dye or WOC that is also stable to the conditions 
in which it will be exposed in a PEC cell. 
 13 
1.4 Scope of this Thesis 
 This thesis will focus on providing quantitative data outlining thermodynamic and kinetic 
processes governing stability of a molecular/solid-state photoanode both from the perspective of 
the anchor and the molecular catalyst.  Chapter 2 will cover the quantified binding and desorption 
kinetics and thermodynamics of phosphonate- and hydroxamate-anchored [Ru(bpy)3]2+ to the two 
common semiconductors mentioned earlier in this introduction, TiO2 anatase and WO3.  The 
chapter will ultimately discuss the ideal conditions suitable for either anchoring group with respect 
to metal oxide choice and pH range.  Chapters 3 and 4 will then cover the chemical stability of 
Fe(bpmcn)Cl2, a non-heme OER catalyst that we have explored previously in our group,42 with 
regards to visible light, oxygen, and pH (acidic vs basic).  This chapter will discuss the reactivity 
of the molecular catalyst in the FeII state toward these variables, their decomposition products, and 
how they could potentially be useful in other applications other than water oxidation.  Finally, 
Chapter 5 will take a detour from this field and discuss my year-long study on changing the format 
of CHEM 125/126 General Chemistry Laboratory instruction in the University of Michigan 
Department of Chemistry.  The chapter will highlight motives of the project, the changes in format 
I pursued, the response from students in two separate sections of ~22 students each, and the 
ultimately make suggestions on how this format could be translated to the larger scale within the 
department over a long period of time.  Following the thesis, there are appendices containing 
supporting data pertinent to each chapter. They are separated by chapter and appendix A-E is each 
for Chapter 2-5, respectively. The appendix figures are referenced throughout each chapter. 
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Chapter 2 
 
Determining the Binding Constants and Desorption Kinetics of 
Phosphonate- & Hydroxamate-anchored [Ru(bpy)3]2+ on 
Anatase TiO2 & WO3 as a Function of pH in Water 
 
Portions of this chapter have been published:  
Esarey, S.L.; Bartlett, B.M., In Revision. 
 
2.1 Introduction 
 Water-stable anchoring groups for tethering molecular water oxidation catalysts to increase 
the selectivity or rate of the oxygen-evolution reaction or dyes to increase visible light absorption 
have been extensively pursued.1–14 The primary applications of these systems are dye-sensitized 
solar cells, photoelectrochemical cells, or photoelectrosynthesis cells. While there are many 
examples, one of the most commonly used anchoring groups used is phosphonic acid due to its 
higher stability in aqueous media compared to carboxylate, ease of synthesis, and reasonable rate 
and collection efficiency of electron injection from the molecule to a metal oxide 
semiconductor.15–19  However, this anchoring strategy is still insufficient for long-term 
applications toward water splitting cells, particularly near neutral pH to basic conditions, where 
the overpotential for oxygen evolution decreases, since carboxylate desorbs. Hydroxamic acid has 
been proposed as an alternative anchoring group for both dye-sensitized solar cells and 
photoelectrochemical water splitting cells.5,11  The asymmetry of the anchoring group has been 
shown to lead to higher electron injection rates (< 100 fs), and the resistance to hydrolysis suggests 
it is more stable in basic conditions compared to the other common anchoring groups.11  However, 
few examples have experimentally probed the stability of hydroxamate as the anchoring group in 
water.5  Given that semiconductors such as TiO2 and !-Fe2O3 are basic oxides,20,21 any tethered 
molecular dyes and/or catalysts on these surfaces must also be stable in base. In contrast, WO3 is 
an acidic oxide that is only stable at pH < 5,22 so finding an anchor that is more stable in acid is 
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also desirable. The major scientific questions explored in this chapter are (1) which anchor 
(phosphonate or hydroxamate) is best suited for acidic, neutral, and basic conditions? (2) how does 
changing the metal oxide acidity affect the stability and desorption mechanism of each anchor? (3) 
how does the mechanism of desorption change as a function of pH? Notably, the binding constant 
of carboxylic acid to TiO2 has already been measured, and it is two orders of magnitude lower than 
phosphonate (KB ~ 103 and ~ 105, respectively). Moreover, the rate of desorption is ten-fold faster 
for carboxylic acid compared to phosphonic acid (kd = ~10–4 s–1 and ~10–5 s–1, respectively).2,23,24  
 As discussed in Chapter 1, [Ru(bpy)3]2+ is commonly employed in the dye-sensitized 
solar cell community.  The most common anchoring group used to tether [Ru(bpy)3]2+ to 
the surface of TiO2 is phosphonic acid, R-PO3H2, and well-established synthetic techniques 
for synthesizing Ru(4,4'-PO3H2-2,2'-bpy)(bpy)2Cl2 (Ru-P), are readily available (Scheme 
1). However, the instability of this complex under illumination during catalysis is primarily 
attributed to chromophore decomposition and desorption of the anchoring group in water 
at neutral or basic pH. Much is known regarding the photochemical and electrochemical 
instability of both [Ru(bpy)3]2+ and the phosphonate anchor, primarily in dye-sensitized 
solar cell devices and in aqueous conditions with the primary goal of stabilizing this 
complex and its hydrolysis-prone anchor.14,25–33 To that end, there are even reports of 
burying the complexes in insulating materials to prevent water or hydroxyl groups from 
attacking the anchor, but this strategy reduces the observed photocurrent.13  On the other 
hand, attaching Ru(4,4'-(C(O)N(OH))2-2,2'-bpy)(bpy)2Cl2 (Ru-H) to semiconductor metal 
oxides has not been reported (see Scheme 2.1) 
 
Scheme 2.1. Chemical structure of Ru-P and Ru-H. 
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 In this chapter, we employ the Langmuir model to describe adsorption to a 
semiconductor surface, governed by the equation2 
molads
molads,max
= 	 $%&'(	$%& Eqn. 2.1 
where )*+,-. )*+,-.,0,1⁄  is the fractional surface coverage of the dye bound to the 
surface of the metal oxide compared to the maximum number of moles associated at the 
surface, 34  is the binding constant of the dye and c is the concentration of remaining dye 
dissolved in solution, in M. This model assumes a complete monolayer with fractional 
occupancy of the surface and that adsorbed molecules are non-interacting. Further, we 
measure the surface charge as a function of pH. We present data suggesting electrostatic 
repulsion is primarily responsible for the adsorption/desorption properties of phosphonate 
and hydroxamate, as well as the rates of desorption from pH 1 – 7 for both anchoring groups 
on both TiO2 and WO3. These metal oxides are chosen for this manuscript due to their 
common use in molecular/solid-state photoanodes in photoelectrochemical and 
photoelectrosynthesis cells as described earlier, with stabilities that are either isolated to 
the acidic regime (WO3) or are stable throughout pH 1 – 14 (TiO2). For the purposes of this 
chapter, we only consider how the anchor binds and desorbs in the dark. 
 
2.2 Experimental Methods 
General considerations. Cis-dichlorobis(2,2’-bipyridine)ruthenium (Ru(bpy)2Cl2) was 
purchased from Strem Chemicals, Inc. Triethylamine, diethyl phosphite, 3,4-dihydro-2-
pyran, and 2,2’-bipyridine-4,4’-dicarboxylic acid were purchased from Sigma Aldrich.  
Phosphoric acid (85%) was purchased from Fisher Scientific.  Thionyl chloride was 
purchased from TCM America.  Trimethylsilyl bromide (Me3SiBr) and 
diisopropylethylamine were purchased from Chem-Impex Int. Co. N-hydroxyphthalimide 
was purchased from Acros, Inc. 4,4’-dibromo-2,2’-bipyridine and 
tetrakis(triphenylphosphine)palladium(0) were purchased from Ark Pharm, Inc.  Titanium 
dioxide anatase, < 25nm particles were purchased from Sigma Aldrich, and used without 
purification.  Tungsten oxide particles < 100nm were purchased from Sigma Aldrich, and 
used without purification.  Diisopropylethylamine was previously dried over sodium 
hydroxide and distilled under nitrogen onto 4 Å molecular sieves prior to use.  All other 
chemicals and solvents were used without purification.  For all experiments involving 
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water, Millipore 18.2 MW H2O was used.  NMR spectroscopy was performed with either a 
Varian MR400 spectrometer equipped with a 5 mm PFG AutoX Dual Broadband probe, or 
a Varian VNMRS500 equipped with a 5 mm PFG OneNMR probe. UV-Vis spectroscopy 
was conducted using a Varian Cary 5000 spectrophotometer.  ATR-FTIR spectroscopy was 
collected on a Nicolet iS50 FT-IR with an attenuated total reflectance accessory equipped.  
Raman spectroscopy was collected on a Reinshaw inVia spectrometer with a 532 nm laser 
and RenCam CCD detector. Powder X-ray diffraction data was collected on a PANalytical 
Empyrean Series 2 diffractometer with an X’Celerator detector and Data Collector 
application software.  Scanning electron microscopy images were collected on a JEOL-
7800FLV scanning electron microscope equipped with an Oxford X-ManN silicon drift 
detector (Oxford Instruments) and a (Oxford NordlysMax2) detector.  BET isotherms for 
determining surface area of powder samples were collected with a NOVA 4200e using N2 
gas.  DFT calculations were performed in Gaussian 09 with the PBE0 functional and 6-
31G(d,p) basis set, with Stuttgard/Dresden (SDD) effective core potential (ECP) basis set 
on the central Ru2+ atom, in vacuum.46  Elemental analysis of CHN were completed by 
Atlantic Microlabs, and Ru elemental analysis collected using a Perkin-Elmer Nexion 2000 
ICP-MS with a Ru ICP standard (1000 ppm) purchased from GFS Chemicals. 
 
Synthesis of 4,4’-bis(diethylphosphonate)2,2’-bipyridine. This synthesis has been 
previously reported in the literature.27  Briefly, 4,4’-dibromo-2,2’-bipyridine (1.80 g, 5.75 
mmol), tetrakis(triphenylphosphine)palladium(0) (0.67 g, 0.58 mmol), diethyl phosphite 
(1.9 mL, 14.7 mmol), and dry triethylamine (1.9 mL, 13.8 mmol) were added to a dry 100 
round bottom flask under N2.  Dry toluene (50 mL) was dispensed to the flask, and the 
solution was heated to reflux under N2 for four hours.  A brown color appeared from the 
yellow solution soon after heating the solution.  After the reaction was complete, the 
solution was filtered through a medium glass fritted filter hot, and the toluene was removed 
under reduced pressure.  50 mL of hexanes were then added to the round bottom flask, and 
the solution was refluxed for 20 minutes under N2 to extract the desired product from the 
brown residue.  The solution was then filtered and the resulting filtrate was re-heated and 
allowed to cool to room temperature to produce pure recrystallized product as dull yellow 
needles Yield: 1.05 g (43%) yield). 1H NMR (500 MHz, CDCl3,): 5 8.82 (t, 2H), 8.76 (d, 
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1H), 7.71 (dd, 2H), 4.18 (m, 4H), 1.35 (m, 6H). 13C NMR (500 MHz, CDCl3): 5 149.7, 
139.7, 137.9, 125.8, 122.9, 62.9, 16.5. 31P NMR (500 MHz, CDCl3): 5 14.7 ppm. 
 
Synthesis of Ru(4,4’-bis(phosphonic acid)2,2’-bipyridine)(2,2’-bipyridine)2 chloride 
(Ru-P). The synthesis of this complex has been modified from a previously reported 
synthesis in the literature.27 Briefly, 4,4’-bis(diethylphosponate)2,2’-bipyridine (0.49 g, 1.1 
mmol) and cis-dichlorobis(2,2’-bipyridine)ruthenium(II) (0.56 g, 1.1 mmol) were added to 
a 250 mL round bottom flask charged with 80 mL of a 1:1 mixture of ethanol and Millipore 
water.  The solution was heated to reflux overnight, then condensed under reduced pressure, 
washed with a small amount of diethyl ether, and dried under high vacuum to remove all 
solvent.  The residue was dissolved in 40 mL of dry acetonitrile under N2, and 1.5 mL of 
Me3SiBr (10 eq.) was added to the solution.  The solution was refluxed under N2 for 24 
hours to ensure complete reaction of the ethoxy-groups from the phosphonate.  The solution 
was then condensed under reduced pressure, and redissolved in 20 mL of methanol.  After 
30 minutes of stirring, the solution was condensed under reduced pressure and redissolved 
in 5 mL of methanol.  50 mL of acetone was added to crash out the desired product and 
filtered from solution.  The resulting red-orange powder was wased with acetone, 
acetonitrile, and diethyl ether, and then dried under high vacuum to yield the desired 
product.  Yield: 0.764 g (83% yield). 1H NMR (500 MHz, D2O): 5 8.73 (d, 2H), 8.49 (d, 
4H), 8.01 (t, 4H), 7.9 (t,  2H), 7.75 (dd, 4H), 7.53 (dd, 2H), 7.33 (m, 4H). 13C NMR (500 
MHz, D2O): 5 156.8, 151.3, 145.7, 144.3, 137.7, 127.5, 127.1, 124.6, 123.9. 31P NMR (500 
MHz, D2O): 5 7.1 ppm. Elemental Analysis for C30H26N6O6Cl2P2Ru•6H2O•HBr: (Calc.) Ru: 
11.02, C: 39.28, H: 3.41, N: 9.16, (Exp.) Ru: 11.0, C: 38.46, H: 3.40, N: 8.85. 
 
Synthesis of O-(tetrahydro-2H-pyran-2-yl)hydroxylamine (NH2OTHP). N-
hydroxyphthalimide (10.0 g, 61.3 mmol) was added to a solution composed of 70 mL of 
dichloromethane and 80 mL of 1,4-dioxane.  3,4-dihydro-2H-pyran (6.16 mL, 67.5 mmol) 
was then dispensed to the stirring solution, followed by p-toluenesulfonic acid (220 mg, 1.2 
mmol).  The solution was vigorously stirred in air for 2 hours.  100 mL of a saturated 
sodium bicarbonate solution was then slowly added and stirred to yield an orange color in 
the solution.  The organic layer was extracted as the bottom layer, then washed with 100 
 23 
mL of brine before drying over Na2SO4, filtering, and condensing under reduced pressure.  
The resulting powder was suspended in 30 mL of dry benzene under N2.  Methylhydrazine 
(2.12 mL, 41 mmol) was added to the solution, and refluxed under N2 for 15 minutes.  The 
solution was cooled to room temperature and filtered through Celite to remove white 
precipitate.  The solution was condensed under reduced pressure and distilled under 
vacuum (700C) to yield a colorless oil that turned solid upon leaving in a –200C freezer.  
Yield: 3.91 g (54% yield).  1H NMR (400 MHz, CDCl3): 5 5.45 (s, 2H), 4.66 (t, 1 H), 3.86 
(m, 1H), 3.54 (m, 1H), 1.7 (m, 2H), 1.51 (m, 4H). 13C NMR (400 MHz, CDCl3): 5 102.52, 
62.52, 28.90, 25.33, 19.67.  ESI-MS+: [NH2OTHP+H]+ = 118.09 m/z 
 
Synthesis of N4,N4’-bis(tetrahydro-2H-pyran-2-yl)oxy)-[2,2’-bipyridine]-4,4’-
dicarboxamide. [2,2’-bipyridine]-4,4’-dicarboxylic acid (507 mg, 2.08 mmol) was added 
to a 100 mL Schlenk flask containing 30 mL of thionyl chloride.  The reaction was refluxed 
overnight under N2 before the starting material was fully dissolved.  The thionyl chloride 
was then bubbled through a saturated sodium carbonate solution until dry (Caution:  at this 
scale, there is an increased inhalation hazard.  It is advised to purge the aqueous solution 
with nitrogen before disposing of it to remove dissolved SO2 formed from the quenching 
process).  The resulting powder was dried under high vacuum under heat to remove any 
remaining solvent before 20 mL of dry dichloromethane and 1.0 mL of dry 
diisopropylethylamine was added to the flask.  Separately, O-(tetrahydro-2H-pyran-2-
yl)hydroxylamine (532 mg, 4.54 mmol) was added to 20 mL of dry dichloromethane and 
1.0 mL of dry diisopropylethylamine. The two solutions were mixed in the 100 mL Schlenk 
flask under N2, and the solution was allowed to stir overnight under N2. This yielded a red 
solution, which was condensed under reduced pressure.  The resulting material was purified 
via flash chromatography using a gradient eluent from 100:0 dichloromethane/methanol to 
95:5 dichloromethane/methanol, yielding an off-white powder.  Yield: 845 mg (93%).  1H 
NMR (400 MHz, CDCl3): 5 12.13 (s, 2H), 8.89 (d, 2H), 8.72 (s, 2H), 7.8 (s, 2H), 5.06 (s, 
2H), 4.08 (t, 2H), 3.57 (d, 2H), 1.75 (m, 6H), 1.57 (m, 6H). 13C NMR (400 MHz, CDCl3): 5 162.4, 155.3, 150.2, 140.9, 122.0, 118.2, 101.1, 61.3, 27.8, 24.7, 18.1.  ESI-MS+: [bpy-
Hyd+H]+ = 443.19 m/z 
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Synthesis of Ru(4,4’-bis(hydroxamic acid)2,2’-bipyridine)(2,2’-bipyridine)2 chloride 
(Ru-H). cis-Bis(2,2’-bipyridine)dichlororuthenium(II) hydrate (355 mg, 0.682 mmol) and 
N4,N4’-bis(tetrahydro-2H-pyran-2-yl)oxy)-[2,2’-bipyridine]-4,4’-dicarboxamide (302 mg, 
0.682 mmol) were dissolved in 40 mL of 200 proof ethanol and refluxed in air overnight.  
The color changed from purple to red after refluxing.  The solution was then condensed 
under reduced pressure and the resulting red powder was dissolved in 10 mL of 0.2 M HCl 
for 1 hour to deprotect the hydroxamate.  The solution was then condensed under reduced 
pressure and the final product was recrystallized from slow addition of diethyl ether into 
methanol as a red powder.  Yield: 500 mg (97% yield).  1H NMR (500 MHz, D2O): 5 8.92 
(dd, 2H), 8.56 (d, 4H), 8.04 (m, 6H), 7.78 (d, 4H), 7.67 (dd, 2H), 7.4 (t, 4H). 13C NMR (500 
MHz, D2O): 5 168.4, 163.8, 157.6, 156.8, 156.6, 152.4, 151.3, 151.2, 141.0, 139.4, 138, 
127.3, 127.2, 124.8, 124.2, 124.1, 122.2, 121.9. Elemental Analysis for 
C32H26N8O4Cl2Ru•3H2O (Calc.) Ru: 12.72, C: 48.37, H: 3.81, N: 14.10, (Exp.) Ru: 13.14, C: 
48.20, H: 3.96, N: 13.10. 
 
UV-Vis titration of Ru-P. This method has been previously demonstrated in the literature 
to determine the pKa of anchoring groups on Ru-based dyes, and was used to identify the 
pKa of the most acidic proton on Ru-P28–31.  Briefly, a 100 mL solution of 0.15 mM Ru-P 
was brought to pH 0.92 with HNO3, and a UV-Vis spectra was taken of the solution.  The 
pH was then adjusted to higher pH values in small increments by using either 10 M, 1 M 
or 0.1 M NaOH, using as needed to keep the relative volume from changing significantly 
and not significantly altering the concentration of the Ru-P in solution.  UV-Vis spectra 
were taken after the pH reached equilibrium with each incremental rise of the pH until a 
final pH near 11 was reached.  Deprotonation of the anchoring group that results in a 
spectral shift in the absorption profile allows us to reveal the equivalence point of the graph 
as the pKa of that particular proton. 
 
Acid-base titration of Ru-P and Ru-H complexes. A 10mL solution of 0.55 mM Ru-P 
or Ru-H was titrated with a standardized 0.05 M NaOH solution, taken from pH 3.17 to 
10.4.  The solution was standardized by titrating the NaOH solution in the presence of 
methyl red indicator with 1.2 mM potassium hydrogen phthalate.  Small aliquots of NaOH 
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were added to the stirring solution of the ruthenium complex and the pH was allowed to 
reach equilibrium between each aliquot. 
 
Mass Titration of TiO2 anatase particles. This method was adopted from a previously 
reported procedure in the literature.  Various 20 mL solutions of 0.3 M NaNO3 were stirred 
overnight under N2 (after being previously degassed) with various quantities of TiO2 
anatase particles ranging from 0.06 g to 2.4 g.  Upon stirring overnight to allow the solution 
to reach equilibrium with the surface, the pH was measured with a pH meter to yield the 
resulting pH.  The equilibrium pH in which the proton concentration was not significantly 
altered by changing the mass of the TiO2 anatase particles in solution was shown to be the 
point of zero charge. 
 
Generating Langmuir plots for Ru-P|TiO2 & Ru-H|TiO2. A 5.00 mL stock solution of 
3 mM Ru-P was prepared for each solution tested:  200 proof ethanol, pH 1 HNO3, pH 3 
0.1 M Na2SO4, pH 6 0.1 M NaPi. pH 8 0.1 M NaPi, and pH 10 0.1 Na2B4O7  Over 6 
scintillation vials, a 5.00 mL solution of Ru-P or Ru-H made from various dilutions of the 
stock solution (100 µL to 2.00 mL) were stirred in the presence of 10 mg of TiO2 anatase 
particles for each solution.  The solutions were allowed to stir overnight in the dark before 
being centrifuged at 4000 rpm to remove the particles.  In some cases, the solution was then 
filtered through a 0.2 µm syringe filter to remove any remaining particulates.  A UV-Vis 
spectrum was then taken of each supernatant, diluting to 1:5 or 1:10 depending on the final 
equilibrium concentration of Ru-P or Ru-H in solution.  Calibration curves were also taken 
of the stock solution (taking at least 3 points) in order to determine the extinction 
coefficient.  Data are modelled to Eqn 2.1 using the Origin Pro 2017 graphing and analysis 
software package. 
 
Synthesis of TiO2 films via sol-gel paste. FTO slides were cleaned by sonicating in a 
solution of Fisherbrand Sparkleen® detergent for 30 minutes, then rinsed with water and 
sonicated in ethanol, acetone, and hexanes for 20 minutes each.  The slides were then rinsed 
thoroughly with hexanes before being dried under a stream of nitrogen.  TiO2|FTO slides 
were made by a sol-gel method.  Briefly, 250 mL of MilliQ water and 80 mL of glacial 
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acetic acid were mixed at room temperature.  The solution was then brought to -5ºC with a 
brine/ice bath, and 37 mL of titanium(IV) tetraisopropoxide and 20 mL of 2-propanol were 
added to the solution over 5 minutes.  The solution was returned to room temperature below 
slowly heating to 80 ºC under air overnight.  The solution was sonicated for 10 minutes 
before 26 mL was split between two Teflon liners (13 mL in each liner).  The solutions 
were sealed and heated to 180 ºC for 12 hours in a stainless steel pressure vessel with a 
ramp rate of 1.3 ºC/min.  The solutions were sonicated, combined, and condensed to ~10 
mL. 325 mg hydroxypropyl cellulose was then added and the solution was allowed to stir 
for 24 hours, creating a opaque white paste.  25 µL of this paste was spin-coated onto a 1 
cm2 area of FTO (sectioned off with Kapton tape) at 2000 rpm for 1 minute, dried for 1 
hour in air, and annealed at a ramp rate of 5 ºC/min to 500 ºC for 4 hours.  Film thicknesses 
were estimated to be ~1.6 µm via SEM cross-sectional images. 
 
Potentiometric titration of TiO2 electrodes. A TiO2 electrode on an FTO-coated glass 
substrate was created with copper wire, thin glass tubing, and Hysol epoxy resin.  The 
electrode was placed in 200 mL of 0.1 M NaCl in aqueous pH 2 HCl.  The solution was 
degassed with N2 for 30 minutes, then the pH was adjusted with a syringe pump 
programmed at 1.00 mL h–1 with 1 M NaOH. The process was repeated for 0.2 M and 0.3 
M NaCl, where the pH at which the three titration curves intersect is considered the point 
of zero charge. 
 
Synthesis of WO3 films via sol-gel paste. FTO slides were cleaned by sonicating in a 
detergent for 30 minutes, then rinsed with water and sonicated in ethanol, acetone, and 
hexanes for 20 minutes each.  The slides were then rinsed thoroughly with hexanes before 
being dried under a stream of nitrogen.  WO3 slides were made with a procedure previously 
reported in the literature.32  Briefly, 3.294 g of sodium tungstate dihydrate was dissolved in 
20 mL of DI water.  This solution was poured into a Dowex ion exchange column 
previously treated with 6 M HCl and washed with Milli-Q water until the pH of the eluent 
returned to neutral.  The yellow/green eluent was collected into a stirring solution of 20 mL 
absolute ethanol until the tungstic acid was no longer visibly eluting from the column.  The 
solution was then condensed back to 20 mL under reduced pressure, which yielded an 
 27 
opaque yellow slurry.  6.6 g of PEG 300 was added to the solution as a stabilizer and stirred 
vigorously in the dark.  25 µL was dispensed onto a 1 cm2 area of FTO (sectioned off by 
Kapton tape) at 2500 rpm for 30 seconds, and annealed in a preheated oven at 500ºC for 30 
minutes.  The procedure for deposition was repeated 10 times to achieve films of desired 
thickness, which was measured to be ~2 µm. 
 
Kinetics plots for rates of desorption. TiO2 or WO3 slides were soaked in a 2 mM solution 
of either Ru-P or Ru-H in 200 proof ethanol (enough to only soak the TiO2) in the dark 
overnight.  The slides were then soaked in 200 proof ethanol for 12 hours to remove any 
residual unbound Ru-R before being dried over a stream of nitrogen. These films were then 
made into electrodes and placed in 25 mL of various aqueous solutions from pH 1 HNO3 
to pH 10 Na2B4O7.  Cyclic voltammograms were recorded in the dark every 5 minutes, and 
the total charge passed from the Ru3+/2+ redox couple quantified the total number of 
molecules bound to the surface.  This charge was converted to nmol Ru-R/cm2 (GRu-R), and 
was found to desorb via a second-order dependence on Ru-R.  Kinetics plots were modelled 
either as a first-order or second-order rate plots. 
 
2.3 Characterization of Ru-P and Ru-H  
 Ru-P and Ru-H starting materials and the complexes were characterized by NMR 
spectroscopy (Figure A1 – A12). The synthetic scheme for the novel Ru-H synthesis is 
presented in Scheme 2.2, with an overall yield of 90% from original 2,2’-bipyridine-4,4’-
dicarboxylic acid starting material.   
Scheme 2.2. Synthesis route of novel Ru-H complex 
 
For the complexes only, we recorded FTIR- (Figure 2.1), and Raman spectra (Figure 2.2). 
The P-OH and C=O amide stretches near ~1700 – 1800 cm–1 are apparent in the FTIR 
spectra, and support the successful synthesis of either Ru-P and Ru-H. Further, the the N–
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O mode near 1500 cm–1 in the FTIR and C–N mode in the Raman spectrum near 1350 cm–
1 of Ru-H correspond to hydroxamic acid, indicating the anchor is in-tact and not reacted 
to form an amide bond as has been previously reported in other synthetic routes.33  The 
elemental analyses show that Ru-P forms as a hexahydrate hydrogen bromide salt, which 
is similar to the known formation of its trimethylsilybromide salt34 and Ru-H forms as its 
trihydrate salt.   
 
Figure 2.1.  FT-IR spectra of (left) Ru-P and (right) Ru-H 
 
Figure 2.2. Raman spectra of (left) Ru-P and (right) Ru-H taken with a 532 nm laser at 
5% power. 
 UV-Vis spectra show similarities in the MLCT absorption bands for both complexes 
(Figure 2.3) between 350 – 600 nm. The highest intensity MLCT band for Ru-H extends 
toward longer wavelengths (lmax = 466 nm, e= 12,700 M–1 cm–1) compared to Ru-P (lmax 
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= 455 nm, e= 14,000 M–1 cm–1). These extinction coefficients were used to determine total 
concentration of dye remaining in solution after exposure to TiO2 or WO3. 
 
Figure 2.3. UV-Vis spectra of 0.1 M Ru-P (black) and Ru-H (red) in ethanol highlighting 
the MLCT band of each dye. 
 
TiO2 and WO3 powders for Langmuir plot measurements have surface areas (determined 
by BET analysis of N2 sorption isotherms) of 82.15 m2/g and 8.159 m2/g respectively 
(Figures A13 & A14). These values allow us to quantify the amount of complex bound to 
the surface of these particles independent of surface area. pKa values for Ru-P were 
measured as pKa,1 ≈ pKa,2 = 1.6, pKa,3 = 3.5, and pKa,4 = 5.1 (Figure A15). pKa values within 
the relevant pH ranges of operation for Ru-H are pKa,1 = 6.5, pKa,2 = 9.1, and pKa,3 ≈ 11. 
pKa,4 is above 12, and could not be accurately measured with a simple acid-base titration 
(Figure A16). Raman spectra of Ru-P and Ru-H bound to either TiO2 or WO3 are shown 
in Figure 2.4. These spectra show the dye is indeed the surface. 
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Figure 2.4. Raman spectra of Ru-P (a) and Ru-H (b) as the pure powder (black), bound to 
TiO2 (red), and bound to WO3 (blue). 
 
2.4 Binding Constant Measurements Using the Langmuir Model 
 Given the starting concentration of Ru-R (Ru-P or Ru-H) and the measured final 
concentration of the dye after exposure to the metal oxide, we generate Langmuir plots of 
dye adsorbed (molads) vs solution concentration, [Ru-R]eq. An example of the Langmuir 
plots for Ru-P|TiO2 and Ru-H|TiO2 in pH 1 HNO3 are shown in Figure 2.5. The binding 
constant for phosphonic acid is ~2 orders of magnitude higher than that of hydroxamic acid 
when anchoring [Ru(bpy)3]2+ onto TiO2. Langmuir plots fit with equation 1 are presented 
as Figure A17 – A20,  Although WO3 can only be modelled for pH ≤ 4, TiO2 is stable 
across the entire pH range. A table of binding constants KB is provided in Table 2.1. 
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Figure 2.5. Langmuir plot of Ru-P (black circles) and Ru-H (red triangles) on TiO2 anatase 
in pH 1 HNO3 solution. 
 
Table 2.1. KB for Ru-P and Ru-H on TiO2 and WO3 at various pH. 
 
 
KB on anatase TiO2 
pH Ru–P Ru–H 
1 3.8(5) × 105 1.3(3) × 103 
2 2.0(6) × 105 -- 
3 1.0(5) × 104 2.4(8) × 103 
4 2.9(3) × 103 -- 
5 4(2) × 102 -- 
6 8.7(7) × 101 1.2(3) × 103 
8 3.1(2) × 101 1.5(4) × 103 
10 4.3(3) × 101 7(3) × 103 
 KB on WO3 
pH Ru–P Ru–H 
1 4(2) × 104 8(1) × 102 
2 4(1) × 104 2.2(4) × 103 
3 1.2(3) × 104 9(2) × 103 
4 7(4) × 102 2(2) × 104 
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Figure 2.6. Log(KB) of both Ru-P|TiO2 (a) and Ru-H|TiO2 (b) vs pH on TiO2 (dark 
symbols, •) as compared to the speciation of either anchor as a function of pH. The left axis 
is log(KB) of the anchor on TiO2, and the right axis describes the ratio of each protonation 
state (molRu-X) per total fractional surface coverage of the dye (molRu-R).  Ru-R refers to 
either Ru-P or Ru-H. 
 
 
Figure 2.7.  Mass titration of TiO2 in 100 mL of degassed 0.03 M NaNO3 under N2 as a function 
of mass-percent TiO2, showing PZC = 3.65. 
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  We observe only small changes to KB Ru-P and Ru-H on TiO2 anatase when 
comparing the conjugate bases of different acids at pH 1; all are on the order of 105. For 
example, KB of Ru-P in H2SO4, HNO3, and HCl are and H2SO4 are 2.4(6) × 105, 3.8(5) × 
105, and 9(2) × 105, respectively. These Langmuir plots are presented in the supporting 
information in Figure A21. These very subtle differences may arise from conjugate base 
biding to the surface, and a practical consideration is that HCl is not commonly used in 
photoelectrochemical water oxidation since Cl–(aq) is readily oxidized to Cl2(g) on WO3 
photoanodes.35  
 Comparing the binding constant and the pKa of Ru-P as a function of pH is 
illustrated in Figure 2.6. Phosphonate has a binding constant on TiO2 of ~105, matching 
well with reported values at these conditions.36 As pH increases, KB decreases, which is 
directly related to the speciation of the anchor on Ru-P. That is, as the ligand becomes 
increasingly anionic, KB decreases. At the point of zero charge (PZC) on TiO2 (3.7, see 
Figure 2.7), ~98% of  Ru-P possesses at least a –2 charge on the anchored bipyridine ligand. 
As both the surface of TiO2 and the phosphonic acid are deprotonated at increasing pH, we 
observe a 2 order of magnitude decrease in the binding constant, which we attribute to the 
electrostatic repulsion of the anionic ligand and the negatively charged surface.  
 It is important to point out that an overall neutral charge on the surface does not mean 
that negative charge does not exist on the surface; rather, the sum of the positive and 
negative charges on the surface equals zero. These charges arise due to either surface Ti-
OH (hydroxide) or Ti–O–Ti (ether-like) linkages, which may potentially bind differently to 
the anchor. The equilibrium of protonation states on the surface of TiO2 has been 
established, with the two major equilibria listed below:37 
TiOH8(9.;< + OH– ⇌ 		TiOH@9.AA  Eqn. 2.2 
Ti8OH(9.AA + 	OH@ 			⇌ 			Ti8O@9.;< Eqn. 2.3 
Although we cannot distinguish between phosphonic acid surface binding geometries, our 
data implies that phosphonic acid binds preferentially to the protonated surface (Ti–OH2 
and Ti–OH–Ti) over Ti–OH or Ti–O–Ti species. However, given that there are certain pH 
values within Figure 4 that have primarily two dominant protonation states, we can employ 
a Langmuir model at those pH that govern a binary mixture.38,39 
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molads,i
molmax
= 	 KB,1[Ru-R]1
1+KB,1[Ru-R]1+ KB,2[Ru-R]2
	 Eqn. 2.4 
where i is designated as one of the two possible protonation states at a particular pH that 
exists in significant quantity (≥ 0.1[Ru-R]eq). This model assumes the same parameters as 
the single mixture Langmuir model, but also adds the assumption that the maximum 
number of moles that can bind to the surface is equal for both compounds within the 
mixture. In other words, we assume that all protonation states have access to the same 
maximum number of binding sites at a given pH, but that the maximum number of binding 
sites only varies as a function of pH. While this assumption has been challenged for gas 
sorption between two different gasses,40,41 it is reasonable that this assumption is valid for 
our system given that only the protonation state of the Ru-R dye is changing. Therefore, 
replotting the Langmuir plot at pH 1, 3, 5, and 8 against the model outlined in eqn. (5) 
should allow us to extrapolate the various KB values to the proper order of magnitude. 
Replotted Langmuir plots with the binary mixture equation (5) are listed in Appendix A, 
with the results listed in Table 2.2. 
 
Table 2.2. Binding constants for Ru-PxH on TiO2 where x is the number of protons on the 
anchors. 
x KB 
4 4.9(7) × 105 
3       4(5) × 104 
2    1.3(4) × 104 
1    6.9(4) × 102 
0    3.1(2) × 101 
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Figure 2.8. Log(KB) of both Ru-P|WO3 (a) and Ru-H|WO3 (b) vs pH () as compared to 
the pKa values of either anchor. Here, the left axis is describing the log(KB) of the anchor 
on TiO2, whereas the right axis describes the ratio of each protonation state (molRu-X) per 
total fractional surface coverage of the dye (molRu-R).  Ru-R refers to either Ru-P or Ru-
H. 
 
 The Langmuir plots of Ru-P|WO3 and Ru-H|WO3 in Figure 2.8 show that KB 
decreases by about an order of magnitude for Ru-P (from 105 to 104) at pH 1 in moving 
from TiO2 to WO3. We attribute this change in binding constant to the difference in surface 
environment between the two semiconductors, possibly due to lower PZC of WO3 (~0.5) 
compared to the PZC of anatase TiO2 (~3.7) leaving differences in overall charge on the 
surfaces.  Similarly, differences in Lewis acidity between the two metal ions could lead to 
differences in binding constant, where Ti4+ serves as a better Lewis acid for the binding of 
Ru-P or Ru-H compared to W6+. Second, a decrease in binding constant is still observed 
for Ru-P|WO3 at pH 4, even though the PZC of WO3 is pH < 0.5.42  This observation 
indicates that the build-up of negative charge due to the higher acidity of phosphonic acid 
leads to the decrease in binding constant on an overall negatively charged surface. Given 
the weaker acidity of hydroxamic acid protons (pKa1 = 6.5), it is not surprising that KB is 
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pH-independent on WO3 for pH ≤ 4. Control experiments at pH 1 for both TiO2 and WO3 
with unanchored [Ru(bpy)3]2+ indicate that adsorption to the surface is indeed 
chemisorption (Figure A22), as physisorption is ~3 and ~5 orders of magnitude lower in 
binding constant versus Ru-H and Ru-P, respectively. pH 1 was chosen for this control 
experiment since both anchors bind strongly to both surfaces at that pH.  
 
2.5 Characterization and Electrochemistry of Ru-R|MOx Electrodes in Water and 
Acetonitrile  
 
 Diffuse reflectance UV-Vis spectra for both complexes bound to TiO2 and WO3 are 
reported in Figure 2.9. The prominent MLCT bands demonstrate that Ru-P and Ru-H are 
bound to the surface of each metal oxide. In order to measure the rates of desorption 
accurately at significantly low quantities on the surface with little outside interference or 
perturbation of the system, we employ cyclic voltammetry (CV) to quantify both the 
fractional surface coverage of the dye on the films, and the rates of desorption over time. 
Voltammetry also allows us to probe the desorption kinetics of the metal complex after it 
has undergone oxidation and reduction on the surface of the metal oxide.  
 
Figure 2.9. UV-Vis spectra of (a) Ru-P|TiO2, (b) Ru-H|TiO2, (c) Ru-P|WO3, and (d) Ru-
H|WO3 after soaking films in ~1.5 mL 0.2 mM of either Ru-P or Ru-H in ethanol. 
 
Limitations of this method primarily arose past pH 7, when the potential for the pH 
dependent water oxidation (1.23 V vs RHE) overlapped with that of the pH independent 
Ru3+/2+ couple of Ru-P (1.4 V vs NHE) and Ru-H (1.45 V vs NHE). By integrating the 
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anodic wave of the cyclic voltammogram and correcting for surface area, we can deduce 
the quantity of chemisorbed Ru-R and quantify the rate constant for its desorption. An 
example of cyclic voltammograms of Ru-P and Ru-H on TiO2 is shown in Figure 2.10. the 
Linear relationship between scan rate (B) and peak current (ip), in acetonitrile with 0.1 M 
Bu4NPF6 as an electrolyte, confirms that Ru-R is chemisorbed to be chemically bound to 
the surface (Figure A23). It is assumed that any change in chemisorption moving from 
acetonitrile to water is governed by the mechanism of desorption, and that all Ru-R is 
chemisorbed at the start of each CV scan. CV scans and their respective second-order plots 
are listed in Figures A24 and A25, respectively.  
 
Figure 2.10. Representative cyclic voltammograms of (a) Ru-P|TiO2 and (b) Ru-H|TiO2 
in pH 1 HNO3 with a scan rate of 25 m V s–1, where the time interval between CV scans is 
~20 minutes for clarity. The anodic peak current as a function of time, jpa for (c) Ru-P|TiO2 
and (d) Ru-H|TiO2 are also presented. 
 
 Surface functionalized Ru-P|TiO2, Ru-H|TiO2, Ru-P|WO3, and Ru-H|WO3 yield 
cyclic voltammogram scans with differences in peak currents of the anodic and cathodic 
peaks, ∆ip > 0.  While a linear relationship between ip and v exists for both surfaces, 
indicating a surface-bound species (Figure A23), the difference in peak currents can be 
explained by the poor kinetics for charge transfer from the dye to the metal oxide surface, 
as shown in Figure .  CV scans of a 0.01 M [Ru(bpy)3]2+ solution in pH 1 HNO3 with a 
TiO2 anatase or WO3 working electrode, Pt counter electrode, and Ag/AgCl reference 
electrode show significantly broadened scans compared to a glassy carbon working 
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electrode.  Therefore, the significantly sharper CV scans of Ru-P|TiO2, Ru-H|TiO2, Ru-
P|WO3, and Ru-H|WO3 with closer ipa and ipc versus an unanchored [Ru(bpy)3]2+ solution 
further support a chemisorption over a physisorption of dye to the metal oxide surface. 
 
Figure 2.11.  Cyclic voltammograms of a 0.01 M [Ru(bpy)3]2+ solution in pH 1 HNO3 with 
(a) glassy carbon, (b) TiO2 anatase, and (c) WO3 working electrode, a Pt counter electrode, 
and Ag/AgCl reference electrode.  Scan rates are 25 mV s–1 with a positive initial polarity. 
 
 Comparing the fractional surface coverage of Ru-P and Ru-H on either TiO2 or 
WO3 (Table 2.3) suggests that our films are close to a monolayer of dye, as has been 
reported. 6,19,23,43 Note that the surface coverage of Ru-P onto WO3 is an order of magnitude 
lower than other electrodes, indicating the overall number of bound, electrochemically 
active Ru-P on WO3 is significantly lower. Thus, measurable quantities of Ru-R (via cyclic 
voltammetry) seem to be dependent on both anchor and surface metal identity, where the 
decrease in binding sites from TiO2 to WO3 for Ru-H is only 33%.  However, ICP-MS 
analysis of Ru-P|TiO2, Ru-H|TiO2, Ru-P|WO3, and Ru-H|WO3 solutions after fully 
desorbing the dye in a 1.0 M NaOH solution yields values 2 – 10 times higher than dye 
electrochemically measured by CV. This result suggests portions of the metal oxide surface 
that are either not chemically bound to the surface and are instead physisorbed through a 
bilayer of the dye via intermolecular interactions, or are chemically bound to a portion of 
the surface that are not electrochemically active. Determining the order in which the dye 
desorbs should distinguish between these two possibilities. Results of these experiments 
are discussed in Section 2.6. 
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Table 2.3. Average fractional surface coverage of Ru-R (ΓRu-R) on both TiO2 and WO3 
based on integrating the first anodic wave of the cyclic voltammograms from pH 1 – 7, 
compared to Ru-R bound to each metal oxide measured through ICP-MS. 
Electrode 
Charge passed 
/ 10–4 C 
ΓRu–R, CV 
 / 10–5 mol m–2 
ΓRu–R, ICP / 
10–5 mol m–2 
Surface Coverage 
/ molecules m–2 
Ru-P|TiO2 6.2 6.5 44 2.6 x 1020 
Ru-P|WO3 0.65 0.63 6.9 4.2 x 1019 
Ru-H|TiO2 5.0 4.8 7.6 4.6 x 1019 
Ru-H|WO3 3.2 3.2 7.6 4.6 x 1019 
 
 However, further inspection of CV scans of Ru-H on TiO2 and WO3 reveal a large, 
quasi-reversible anodic current that converged to the reversible Ru3+/2+ couple. For 
voltammogramms reported in Figure A24, the second scan is used to quantify Ru2+ on the 
surface given this anodic wave is not observed after the first scan at a scan rate of 25 mV 
s–1. This effect was also observed in 0.1 M Bu4NPF6 in acetonitrile, which indicates that 
the irreversible oxidation scans are seemingly independent of solvent. However, multiple 
scans taken after ~15 – 60 minutes of time reveal that at least part of this anodic wave 
reappears when resting in solution under no applied bias in the dark, and in the case of TiO2 
most of it reappears (Figure 2.12). Ru-H was returned to Ru2+ at the end of each 
voltammetry experiment. 
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Figure 2.12. Cyclic voltammograms of (a) Ru-H|TiO2 and (b) Ru–H|WO3 recorded in 
after immersing films 0.1 M Bu4NPF6 CH3CN t = 0 (black); (c) Ru-H|TiO2 and (d)  Ru–
H|WO3 re-recorded after a 15-minute delay (t = 15 min). During each cyclic 
voltammogram, five sweeps were recorded with a scan rate of 100 mV s–1. For clarity, only 
the first (black) and the fifth (red) sweep are illustrated. 
 
 Indeed, DFT calculations of this complex reveal that electron density in the HOMO 
includes contributions from DEF   of Ru2+ and the π system of the of the bipyridine ligand in 
Ru-P, but lies both on the DEF  Ru2+ center and π-bonds on one of the hydroxamate ligands 
of Ru-H (Figure 2.13). It is therefore possible that the hydroxamate is still protonated when 
on the surface of either semiconductor metal oxide, and undergoes a proton-coupled 
electron transfer (PCET) under positive bias to oxidize Ru2+. It has been shown that 
hydroxamate primarily binds to Ti4+ in a monodentate fashion,44 allowing this pathway 
toward PCET oxidation to occur at the most acidic proton on hydroxamic acid (pKa1 = 6.5). 
At pH < 6, hydroxamic acid is still protonated when bound to the surface. However, at pH 
> 6.5,  the first proton on the hydroxamic acid is removed, leaving behind a negatively 
charged conjugate base anchored to the surface of the metal oxide. The slow return of the 
large anodic wave that can then be subsequently re-oxidized independent of either water or 
acetonitrile, coupled with computational evidence for the hydroxamate largely incorporated 
into the HOMO of Ru-H suggests that the anchor itself is redox active in a quasi-reversible 
manner, as shown in Scheme 2.3, where the oxidation of hydroxamic acid has been 
proposed in solution as described previously.45 
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Figure 2.13. Projections of the HOMO and LUMO for Ru-P (left) and Ru-H (right) calculated 
using the Gaussian 09 DFT model with the PBE0 functional and 6-31G(d,p) basis set, with 
Stuttgard/Dresden (SDD) effective core potential (ECP) basis set on the central Ru atom, in 
vacuum.46 
 
Scheme 2.3. Proposed reaction of quasi-reversible oxidation of hydroxamate anchor on 
Ru-H bound to a metal oxide. 
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Closer inspection of Figure 2.12b shows that the peak shape changes as we continue 
scanning on Ru-H|WO3. We attribute this change in the anodic wave peak shape to the slight 
increase in the Ru2+/3+ potential once the hydroxamic acid ligand has been oxidized. However, the 
shift in the anodic wave toward more positive potentials after initial oxidation of the hydroxamic 
acid ligand is not observed on TiO2, rather the electrochemical potential of Ru-H before and after 
oxidation occur at approximately the same electrochemical potential. This result suggests that Ru-
H may bind differently to the two semiconductors. Regrettably, efforts to observe changes in the 
C—N or C=O stretches by Raman spectroscopy were unsuccessful due to small quantities of Ru–
H adsorbed to the surface. (see Figure A26). 
The initial CV scans in Figure 2.10 shows current arising from both quasi-reversible 
hydroxamic acid oxidation and reversible Ru2+ oxidation. However, the fifth scan shows only the 
reversible Ru3+/2+ wave. Therefore, integrating the initial anodic wave should reveal twice as much 
charge passed as that of the last scan. Indeed, for  Ru-H|TiO2, we observe 3.27 µC of charge passed 
initially, double that of the last scan, 1.65 µC. Likewise, for Ru-H|WO3, we observe 3.46 µC, 
about double that of the last scan, 1.66  µC. These data hint that one hydroxamic acid anchor on 
Ru-H is susceptible to a quasi-reversible oxidation. Successive CV scans of 0.01 M Ru-H in pH 
1 HNO3 recorded on a glassy carbon electrode (Pt counter, Ag/AgCl reference) shows two separate 
oxidations on the dye – one that is irreversible at 1.35 V vs NHE, and one reversible couple at 1.43 
V vs NHE (Figure 10). With continued cycling, we notice that the irreversible peak at 1.35 V vs 
NHE slowly disappears, leaving only the Ru3+/2+ redox event at 1.43 V vs NHE (red). This 
irreversible wave that disappears over successive scans is consistent with the CV scans presented 
in Figure 8, where the two oxidations are no longer resolved and instead occurr at roughly the 
same potential. We propose that the oxidation at 1.35 V arises from hydroxamate ligand oxidation, 
which is reasonable since the hydroxamic acid anchor accounts for ~50% of the electron density 
in the HOMO. This oxidation is followed by a reorganization of the dye to allow for a resonance-
stabilized hydroxamate anion to bind to the metal oxide surface in bidentate fashion. This 
irreversible wave returns after long times (>15 minutes) if the system rests at open circuit in acid 
to reprotonate the anchor. The low surface coverage and long times scales preclude observing this 
proposed phenomenon directly by vibrational spectroscopy. 
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Figure 2.14.  Cyclic voltammogram of a 0.01 M Ru-H solution in pH 1 HNO3 with a glassy carbon 
(GC) working electrode, Pt counter electrode, and Ag/AgCl (sat’d KCl) reference electrode.  Scan 
rate = 25 mV s–1, showing 12 consecutive CV scans over time. 
 
2.6 Desorption Kinetics of Ru-R|MOx in Aqueous Media 
CV was used to generate kinetics plots that show a second-order dependence on Ru-R. The 
linear least squares regression analysis (R2) of these fits is better than the corresponding first-order 
treatment of the data. Second-order in Ru-R desorption is observed even after soaking the films 
in ethanol for at least 12 hours. We propose second-order desorption by two possible mechanisms 
for [Ru(bpy)3]2+ derivatives (Scheme 2.4). 
 
Scheme 2.4. Possible mechanisms of Ru-R second-order desorption, either through (a) the 
physisorption of one Ru-R complex onto a chemisorbed Ru-R to TiO2 or WO3, or (b) the 
concerted desorption of two chemisorbed Ru-R species. 
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 In Scheme 2.4a, soaking the films in an ethanolic solution of Ru-R creates a bilayer 
in which one Ru-R layer is bound to the surface and the other is physisorbed through 
possible π-stacking with the bound dye. However, both dye molecules can reside in the 
electrical double layer, allowing both layers to possibly be electrochemically active to give 
the second-order dependence observed by CV. This mechanism suggests that the 
physisorbed second layer of dye does not desorb from the surface in ethanol, and that both 
chemi- and physisorbed dyes desorb from the surface in a concerted effort. This mechanism 
also requires forming the bilayer in the Langmuir plots, and would overestimate the binding 
constant. Recall that Langmuir plots of unanchorable [Ru(bpy)3]2+ binding to the surface 
of either TiO2 and WO3 at pH 1 show little to no physisorption directly to the metal oxide 
(Figure A22) compared to the chemically adsorbed, anchored Ru-R species. The second 
mechanism, illustrated in Scheme 2.4b, involves two Ru-R molecules chemisorbed to the 
surface that detach concertedly due to ionic interactions with the surface in water. It is 
possible that all molecules are chemisorbed to the surface through the anchor, but that 
desorption of one molecule forces the desorption of another at a surface. To distinguish 
between these two mechanistic possibilities, we increased the ionic strength by adding salt 
to the ethanolic soaking solution to perturb the intermolecular interactions between the 
chemisorbed & physisorbed dyes described in Scheme 2.4a. We also determined the 
relationship between the size of the cation or anion used to perturb the bilayer as it relates 
to the fit toward first-order kinetics. After soaking films in ethanolic 0.1 M LiClO4, 0.1 M 
NaClO4, or 0.1 M Bu4NClO4 for 24 hours, we observe a better fit for the first-order 
dependence of Ru-H versus when the film is only soaked in pure ethanol, but it is only a 
small increase in linearity in the first-order rate plot versus a film that was not pre-exposed 
to 0.1 M AClO4 in ethanol (A = Li+, Na+, or Bu4N+). No major change in the R2 value for 
a first-order plot is observed (Figure A27 – A30). Further, there seems to be a small trend 
in the size of the cation and how well the kinetics fit toward a first-order plot. The trend 
leans toward the smaller cations allowing better fit to the first-order kinetics, possibly due 
to the smaller size of the salt being able to more easily fit between the chemisorbed Ru-R 
layer and the physisorbed Ru-R layer, which allows for better ligand exchange between the 
original Cl– anion on the Ru-R bound to the surface with the larger ClO4– anion. It is 
important to note that this trend is very weak, and only explains small changes in the R2 
 45 
value between the three cations used. We then pursued the changes in the anion size by 
using NaX salts (X = ClO4– and BArF, where BArF = tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate) (Figures S31 – S34). In the cases where perchlorate was 
added to the ethanolic soaking solution, the plot showing second-order Ru-R desorption 
rate fits with a higher R2 value compared to a first-order plot, which implies that a bilayer 
model is still a better model. Although we seem to perturb bilayer formation at high ionic 
strength, we do not seem to prevent its formation. Further increasing the steric bulk of the 
anion in solution and adding aromatic groups that may also stack to the pyridyl rings should 
further increase the first-order in Ru-R behavior in desorption. Indeed, as we increase the 
steric bulk of the auxiliary salt by adding 0.1 M NaBArF, this first-order dependence on 
Ru-R desorption becomes even higher (Table A1). These data support the mechanism in 
Scheme 2.4a, where the bulky anion of the salt yields a surface that is closer to monolayer 
coverage. We note that in all cases, we observe a slower rate of desorption when a metal 
salt is used in the ethanolic soaking solution. Nevertheless, through the remainder of this 
chapter, we describe the desorption rate by second-order kinetics due to the higher R2 fit to 
the data. Using cyclic voltammetry to determine rate constants for desorption is limited to 
pH ≤ 7, since WO3 behaves as an Arrhenius acid and catalytic current for oxygen evolution 
starts to overlap on TiO2. 
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Figure 2.15. kd of (a) Ru-P|TiO2 and (b) Ru-H|TiO2 as a function of pH (dark symbols l, 
left axis), with corresponding speciation for each complex (molRu-X) per total fractional 
surface coverage of the dye (molRu-R) on the right axis.  Ru-R refers to either Ru-P or Ru-
H. 
   
As shown in Figure 2.15a, the rate constant for Ru-P is relatively unaffected by the 
deprotonation of the first three P-OH groups on the anchor. But, we see a five-fold increase 
in rate constant when the last proton is removed above pH 4. Although this rate constant 
under acidic conditions matches well with other reports,23 the rate constant is dependent on 
the relative protonation states of the anchor. This trend also holds for hydroxamic acid 
(Figure 2.15b), with a four-fold increase in kd of Ru-H from pH 1 to pH 7). The rate 
constants as a function of pH is provided in Table 2.4. The increase in rate constant 
observed in Ru-P|TiO2 and Ru-H|TiO2 was plotted against the hydroxide ion 
concentration,[OH–], to determine influence of pH. Desorption is less than 0.3 order for 
Ru-P and less than 0.2 order of [OH–] in Ru-H, which rounds down to zeroth order (Figure 
A35). We attribute the lack of [OH–] dependence to the change in protonation state at the 
surface as we approach and surpass the pKa values of the hydroxamate anchor (pKa1  = 6.5, 
pKa2 = 9.1), which would give rise to a larger electrostatic repulsion between the anionic 
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complex and the negatively charge surface, thereby increasing the rate of desorption.   
However, this electrostatic repulsion occurs because of the increased pH, which explains 
some small dependence on [OH–] for desorption kinetics. 
 
Table 2.4. Observed second-order rate constants for Ru-P and Ru-H desorption from TiO2. 
 kobs / m2 mol–1 s–1 
pH Ru-P Ru-H 
1 4.78(8) 8.93(8) × 101 
3 4.7(1) 6.83(8) × 101 
5 1.15(2) × 101 1.53(5) × 102 
6 4.33(3) × 101 2.07(5) × 102 
7 5.2(1) × 101 3.33(7) × 102 
 
The increasing negative charge on the anchor coupled with the PZC of 2.5 (Figure 
A36) for the TiO2 electrodes results in electrostatic repulsion of the complex from the 
surface, leading to this increased rate of desorption.  It is clear higher deprotonation states 
of Ru-P are responsible for the significant increase in desorption rate.  Thus, it is crucial to 
create anchors that binds as neutral weak acids to avoid electrostatic repulsion with the 
negatively charged surface to slow the desorption from the metal oxide surface.   
 For WO3, it appears that changes in pH does not significantly alter the rate of 
desorption for either anchor, even when changing electrolytes at pH 1 – 4 (Figure 2.16). 
We propose that small changes in ionic strength when moving from the nitrate anion at pH 
1 to the various protonation states of sulfate and phosphate above pH 2 do not play a 
significant role in the desorption of either anchor from WO3 under acidic conditions. When 
comparing the rate constants for desorption of Ru-P to Ru-H on WO3, we observe smaller 
differences between the two anchors. It is important to point out that Ru-H desorbs most 
slowly from WO3 than compared to the other three combinations we tested, Ru-P on WO3, 
or Ru-R on TiO2.  
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Figure 2.16. kd vs pH of (black) Ru-P|WO3 and (red) Ru-H|WO3 as a function of pH from 
1 – 4. 
 
2.7 Conclusions 
 Through Langmuir isotherms cyclic voltammetry, we have proposed a mechanism 
for desorption of modified [Ru(bpy)3]2+ anchored by phosphonate or hydroxamate to the 
surface of anatase TiO2 and monoclinic WO3. We show that phosphonate has a stronger 
binding constant to WO3 and TiO2 under acidic conditions (pH < 5), while hydroxamate is 
suitable for TiO2 at pH ≥ 5. However, kinetics governing phosphonic acid desorption from 
WO3 do not complement the increased binding constant versus hydroxamic acid, as 
hydroxamic acid desorbs at a slower rate compared to phosphonic acid. This mismatch 
leads us to ultimately consider concerns about the overall stability for either anchor 
discussed herein for WO3.  
 Phosphonic acid binding is pH-dependent and its desorption as second-order in Ru-
P,  leading to rapid desorption near neutral pH, an drawback not observed with hydroxamic 
acid. However, the hydroxamate anchor is prone to oxidation under an applied bias. 
Oxidation of the hydroxamate did not seem to cause measurable degradation via cyclic 
voltammetry to the dye on the surface since no significant loss in current is observed after 
allowing the complex to relax back to its original reduced RuII-H state. Finally, a 
sufficiently tight-binding anchor with pKa values similar to or higher than hydroxamate-
anchored molecules must be pursued to reach binding constants at least  ~105 for the anchor 
to be a viable long-term option in neutral/basic conditions.  Silatrane has been proposed as 
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an alternative to the anchors discussed in this manuscript, with the deprotected silyltriol 
expected to have a pKa1 ~1047 and reported stability on TiO2 up to pH 11.48 
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Chapter 3 
Determining the Fate of a Non-heme Iron Oxidation Catalyst Under 
Illumination, Oxygen, and Acid 
 
Portions of this chapter have been published:  
Esarey, S.L.; Holland, J.C.; Bartlett, B.M., Inorg. Chem. 2016, 55, 11040 – 11049 
 
3.1 Introduction 
Our group recently developed such a molecular/solid state electrode, Fe|WO3, where the 
iron species is the nonheme iron WOC, Fe(tebppmcn)Cl2 (tebppmcn = tetraethyl N,N′-bis(2 
methylpyridyl-4-phosphonate)-N,N′ dimethylcyclohexyl- diamine), with a phosphonate anchoring 
group to attach the molecule to a tungsten oxide surface (Scheme 1).1 However, the true active 
species and the fate of the iron complex could not be identified with confidence, as the molecule 
was no longer observed spectroscopically or electrochemically on the surface of WO3 after 3 hours 
of operation in aqueous sulfate solution at pH 3 under low loadings (15 nmol/cm2). Similar 
disappearances of other Ru-based complexes have also been observed, and decomposition is 
typically ascribed either to hydrolysis of the anchoring group, forcing the molecule to leave the 
surface, or to chromophore decomposition.2–6 In addition, many of the aforementioned 
homogeneous catalysts have reported ligand dissociation of the h1 ligands as the primary 
deactivation pathway.7–10  
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Scheme 3.1. Chemical structures of previously reported Fe-based WOC systems.  Reprinted 
(adapted) with permission from Esarey, S.L.; Holland, J.C.; Bartlett, B.M., Inorg. Chem. 2016, 55, 
11040 – 11049. Copyright 2016 American Chemical Society. 
 
Specifically, Hong et al. have probed Fe(bqen)OTf2 and Fe(bqcn)OTf2 (bqen = N,N′-
dimethyl-N,N′-bis(8-quinolyl) -ethane-1,2-diamine, bqcn = N,N′ dimethyl-N,N′-bis(8-quinolyl)-
cyclohexane-1,2-diamine), other non-heme iron WOCs, for their decomposition during the OER 
using CeIV.11 They concluded that catalyzing the OER by these iron complexes competes with 
ligand degradation by CeIV and that iron dissociates during catalysis under acidic conditions. 
Moreover, under basic conditions, the complex decomposes to an iron hydroxide species that can 
be used as an OER catalyst in the presence of the photoactive dye, [Ru(bpy)3]2+. This report focuses 
on the dark reactivity, with no discussion of the direct effects of light on the molecule’s stability 
in water. Reports from other groups have also examined the identity and stability of the active 
species of non-heme iron, manganese, and ruthenium-based complexes during homogeneous water 
oxidation using CeIV, S2O8–, and IO4–.12–16 However, the stability of these complexes in acid as 
well as under illumination are critical in determining the long-term viability of these catalysts for 
molecular/solid-state PEC cells.  
Outside of WOCs, many chemists have also used these non-heme iron complexes in C–H 
activation of organic substrates.17–27 These examples typically rely on NaIO4, H2O2, and PhIO as 
sacrificial oxidants, although there are examples of using CAN for similar reactivity. In many 
cases, the sacrificial oxidant is typically dissolved in a small amount of water prior to adding it to 
the reactants. The ideal scenario is to use dissolved O2 as the oxidant, eliminating the need for 
waste-forming higher-energy oxidants. There are additional reports of photo-driven oxidation 
reactions using non-heme iron complexes with O2 as the oxidant through either adding a dye 17,28,29 
or through direct absorption by the iron complex itself.30 This bodes well for chemists looking to 
use O2 as a direct oxygen source for C–H activation using sunlight as the driving force instead of 
a wasteful, sacrificial component.  
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Although emphasis has been placed on attaching molecules to surfaces and understanding 
their desorption, relatively little attention has been paid to how light alters molecular WOCs and 
what the fate of these catalysts is. This is a problem of particular importance in molecule/electrode 
architectures. In this chapter, we present data showing that even the un-anchorable complex, 
Fe(bpmcn)Cl2 (bpmcn = (1S,2S)-N,N′ dimethyl-N,N′-bis(2-pyridinylmethyl)cyclohexane-1,2-
diamine) is inherently unstable under acidic conditions, and that free ferrous ion is released as a 
decomposition product. We discuss the effects of oxygen and solar illumination on this complex 
in acidic water and in non-aqueous conditions. Our results provide further information toward 
identifying the true active species on the surface of our previously reported Fe|WO3 electrode,1 
and possibly on other WOCs with similar ligand scaffolds on highly-oxidizing photoactive 
semiconductor surfaces. We recognize that our findings also have an impact on the use of non-
heme iron complexes in organic oxidation reactions in water, as has been proposed in the 
literature,31 and we expose how O2 reacts with iron in the presence of light even under non-aqueous 
conditions. For the scope of this paper, we will be focusing on the implications toward water 
oxidation, and will not be directly applying this to organic oxidation reactions. 
 
3.2 Experimental Section 
General considerations. FeCl2, bpmcn ligand, and distilled acetonitrile were all stored in an N2 
glovebox prior to synthesis. Acetonitrile was purchased from Fisher Scientific, and was previously 
dried over powdered 4Å molecular sieves for 3 days prior to distilling over CaH2 under N2 and 
stored on molecular sieves in an N2 glovebox. Anhydrous FeCl2 (99.5%) was purchased from Alfa 
Aesar, and used without further purification. Trifluoromethanesulfonic acid (reagent grade, 98%) 
was purchased from Sigma Aldrich, stored under N2, and used without further purification. For 
isotopic labelling experiments, 18O2 (97 atom-% 18O, 99% purity) was purchased from Sigma 
Aldrich. For all experiments involving water, Millipore 18.2 MW H2O was used. Elemental 
analysis was conducted by Atlantic Microlab, Inc. UV-Vis spectroscopy was conducted using a 
Varian Cary 5000 spectrophotometer. FTIR spectroscopy was conducted using a ThermoScientific 
Nicolet 6700, and samples were prepared in dried KBr pellets. Resonance enhanced Raman 
spectroscopy was conducted in a quartz electron paramagnetic resonance tube and immersed in 
liquid nitrogen using a custom made cold-finger apparatus. The laser was a 413.1 nm continuous-
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wave Kr-ion laser from a Spectra Physics. The detector used for resonance Raman spectroscopy 
was a Princeton Instruments TriVista Spectrometer System. NMR spectroscopy was performed 
with Varian MR400 spectrometer equipped with a 5 mm PFG AutoX Dual Broadband probe. 
Electrospray Ionization Mass Spectrometry (ESI-MS) was conducted using a Micromass 
AutoSpec Ultima Magnetic Sector mass spectrometer. Characterization data for the synthesized 
compounds are included in Appendix B as Figures B1-B5. 
 
Synthesis of N1,N2-dimethyl-N1,N2-bis(pyridin-2-ylmethyl)cyclohexane-1,2-diamine 
(bpmcn). Synthesis of this compound was taken from a previously reported procedure.19 Briefly, 
1,2-dimethylcyclohexane-1,2-diamine (162 mg, 1.14 mmol) was dissolved in acetonitrile (15 mL) 
in a round bottom flask. Triethylamine (0.78 mL, 5.6mmol) was charged to the solution, and 2-
(chloromethyl)pyridine (374 mg, 2.27 mmol) was added. The solution as brought to reflux in air 
overnight, then cooled to room temperature and condensed under reduced pressure. The resulting 
crude solid was dissolved in 30 mL of dichloromethane, and washed with 30 mL of saturated 
NaHCO3(aq). The organic layer was extracted, and the aqueous layer was washed 2Å~ 30 mL with 
dichloromethane. The organic layers were collected, dried over Na2SO4, filtered, and condensed 
under reduced pressure to yield a brown oil. The crude product was purified using silica gel 
chromatrography with 86% EtOAc/10% MeOH/4% NH4OH to yield the desired product as a light 
brown oil; yield: 155 mg (0.479 mmol, 42%). 1H NMR (CDCl3): d (ppm) = 8.47 (d, 2H), 7.55 (d, 
4H), 7.09 (m, 2H), 3.84 (q, 4H), 2.63 (d, 2H), 2.27 (s, 6H), 1.97 (2H), 1.75 (d, 2H), 1.27 (m, 2H), 
1.14 (t, 2H). 13C NMR (CDCl2): d (ppm) = 161.6, 148.7, 136.4, 122.9, 121.7, 64.7, 60.6, 36.8, 
26.0, 25.9. EA C20H28N4: (calc.) C 74.03, H 8.70, N 17.27 (found) C 73.29, H 8.69, N 16.96 ESI-
MS+: [bpmcn+H]+ = 325.24 m/z+ 
 
Synthesis of Fe(bpmcn)Cl2. Synthesis of this compound was adapted from a previously reported 
procedure,1 and was performed under N2. Briefly, the bpmcn ligand (162 mg, 0.5 mmol) was 
dissolved in dry, degassed acetonitrile (5 mL). Separately, a slurry of anhydrous FeCl2 (63.3 mg, 
0.5 mmol) in a solution of dry, degassed acetonitrile (5 mL) was made. The bpmcn solution was 
added to the vigorously stirring FeCl2 solution, and the resulting solution was allowed to stir 
overnight under N2. The solution changed from a pale-yellow solution to an opaque yellow-orange 
solution over the course of the reaction. The resulting yellow suspension was filtered, washed with 
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acetonitrile, and dried under high vacuum. After synthesis, the powder was stored in the N2 
glovebox in the dark; yield: 172 mg (0.382 mmol, 76%). 1H NMR (CD3CN): d (ppm) = 147.0, 
108.2, 62.8, 50.6, 50.1, 20.3, 16.0, 1.3, -0.3, -0.4, -8.1, -25.8. EA C20H28N4FeCl2: (calc.) C 52.20, 
H 6.35, N 12.17, Cl 15.41 (found) C 52.40, H 6.22, N 12.25, Cl 15.31. ESI-MS+: 
[Fe(bpmcn)(OEt)]+ = 425.16 m/z+ 
 
UV-Vis spectroscopy of Fe(bpmcn)Cl2 in dry acetonitrile. The sealed quartz vial used in this 
experiment was previously cleaned with aqua regia, and dried prior to use. A 0.2 mM solution of 
Fe(bpmcn)Cl2 was made in dry acetonitrile under N2. Dry acetonitrile under N2 was used as a 
baseline for the UV-Vis measurements, and Fe(bpmcn)Cl2 solutions were prepared immediately 
prior to measuring the UV-Vis spectra, where the solution was placed into the quartz vial, sealed 
under N2. The solution was either kept in the dark or illuminated with 1-sun using a Newport Oriel 
150 W Xe lamp equipped with an AM 1.5G filter, and kept under positive N2 pressure. 
 
Determining stability of Fe(bpmcn)Cl2 under illumination via 1H NMR spectroscopy. A 
saturated solution of Fe(bpmcn)Cl2 was made in the N2 glovebox with dry d3-CD3CN. This 
solution was then placed in a dry J-Young tube and sealed under N2 with a Teflon seal. The solution 
was monitored by 1H NMR spectroscopy while illuminating the NMR tube using a Newport Oriel 
150 W Xe lamp at 100 mW cm–2 equipped with an AM 1.5G solar filter. The solution was 
illuminated for a total of 24 hours under N2. 
 
Exposure of Fe(bpmcn)Cl2 to O2 and light for UV-Vis Kinetics. The sealed quartz vial used in 
this experiment was previously cleaned with aqua regia, and dried prior to use. A dilute solution 
(0.2 mM) of Fe(bpmcn)Cl2 was made in dry acetonitrile previously saturated with O2. The solution 
was placed in a clean sealed quartz cuvette, and exposed to 100 mW cm–2 of illumination at the 
front of the quartz cuvette using a Newport Oriel 150 W Xe lamp with an AM 1.5G filter for 24 
hours. The reaction was monitored by UV-Vis spectroscopy. Dry acetonitrile saturated with O2 
was used as a baseline for the UV-Vis measurements, and Fe(bpmcn)Cl2 solutions were prepared 
immediately prior to measuring the UV-Vis spectra. 
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Exposure of Fe(bpmcn)Cl2 to O2 and light at Preparative Scale. 50 mg of Fe(bpmcn)Cl2 was 
dissolved in 200 mL of dry acetonitrile previously saturated with pure O2 in a dry 250 mL 
Erlenmeyer flask. The solution was then placed under positive O2 pressure with a balloon, and 
allowed to stir vigorously under 1.5W of illumination using a Newport Oriel 150 W Xe lamp 
equipped with an AM 1.5G filter. The reaction was monitored by UV-Vis spectroscopy, and took 
approximately two days given the experimental setup. For this experiment, the entirety of the 
solution was not capable of being illuminated. The resulting orange solution was condensed under 
reduced pressure and dried under high vacuum to yield a dark brown solid. The product was 
characterized without any further purification. 
 
UV-Vis spectroscopy of Fe(bpmcn)Cl2 in acidic water at various pH. The sealed quartz vial 
used in this experiment was previously cleaned with aqua regia. A 0.2 mM solution of 
Fe(bpmcn)Cl2 was made in 0.1 M triflate adjusted to various pH with mixtures of TfOH and 
TfONa. The TfOH solution was prepared under an inert N2 atmosphere and degassed prior to 
adding the metal complex. TfOH solutions under N2 were used as a baseline for the UV-Vis 
measurements, and Fe(bpmcn)Cl2 solutions were prepared immediately prior to measuring the 
UV-Vis spectra, where the solution was placed into the quartz vial, sealed under N2. The solution 
UV-Vis spectra were collected until the change in absorbance over time approached zero. 
 
Electrochemistry.  A solution of 2.5mM Fe(bpmcn)Cl2 was made under N2 with pH 1 TfOH. This 
solution was placed in a 3-neck cell equipped with a glassy carbon working electrode, a Pt wire 
counter electrode, and a Ag/AgCl (sat’d KCl) reference electrode. The cell was sealed under N2, 
and connected to a CH Instruments CHI-1000 potentiostat. A macro command was programmed 
to take measurements every 30 minutes starting at the original open circuit potential, and scan at 
100 mV s–1 from –0.2 to 1.2 V vs Ag/AgCl with negative polarity. After measuring cyclic 
voltammograms for 4 hours, 3-equivalents of 2,2’-bipyridine were added and monitored over the 
same potential range at the same scan rate over 10 minutes. 
 
Oxygen Evolution Reaction Measurements. Oxygen was quantified using a FOSSPOR 
fluorescence probe using two-point calibration at 20.90% and 0.00% O2. A 12.5µM solution of 
Fe(bpmcn)Cl2 was made either in degassed unbuffered water or in pH 1 TfOH under N2. The 20-
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mL solution was poured into a 3-neck round bottom flask and purged of air with N2 until the 
oxygen probe read 0.00%. Data was collected for 10 minutes under N2 prior to the injection of 
0.8mL of 1.25 M CAN (4000 eq., previously degassed with N2). Measurements were taken until 
the oxygen evolved had plateaued, typically at the 4-hour mark. For unbuffered solutions, the OER 
experiment was conducted immediately after the solution was made. For Fe(bpmcn)Cl2 dissolved 
in pH 1 TfOH, the solution was allowed to stir under N2 in the dark for 4 hours prior to the injection 
of CAN. For Fe(bpmcn)Cl2 dissolved in acetonitrile under illumination and O2, the complex was 
illuminated for 24 hours, then isolated under reduced pressure. A 12.5 µM solution of the final 
product was made in 20 mL of degassed, unbuffered Millipore water. 0.8 mL of 1.25 M CAN was 
then added to the solution, and the amount of oxygen in the headspace was measured by the 
FOSSPOR fluorescence probe. Oxygen measurements and calculations accounted for the 
solubility of oxygen in water and the overall headspace of the reaction vessel. 
 
Magnetic Susceptibility Measurements. DC susceptibility was measured with a Quantum 
Design MPMS-XL7 SQUID equipped with an Evercool dewar. Fe(bpmcn)Cl2 pre- and post-
exposure to O2 and 1.5 W of light from a Newport Oriel 150 W Xe lamp equipped with an AM 
1.5G filter were used for these measurements. The sample was suspended in a known quantity of 
eicosane and placed in a small polycarbonate capsule. Total moment was measured from 30 K to 
300 K every 5 K, and were converted to χMT by accounting for the susceptibility of eicosane and 
the diamagnetic components of the complex using Pascal’s constants. 
 
3.3 Effects of Light and O2 on Fe(bpmcn)Cl2 
We start with the key control experiment: illuminating Fe(bpmcn)Cl2 in dry acetonitrile 
under N2 for 24 hours shows no observable structural isomerism or decomposition by 1H NMR 
spectroscopy (Figure B6), as expected. For comparison, structural isomerism from the cis-a 
conformation to a cis-b conformation would result in the loss of C2 symmetry (Scheme 3.2), and 
the 1H NMR spectrum in that case would show twice the number of resonances— from 12 to 24. 
Also, the cis-b form is not active for catalyzing the OER.32 In addition, oxidation of Fe2+ to Fe3+ 
can result in C–N bond cleavage by oxidative N-dealkylation, resulting in hemi-aminal 
complexes.33 The lack of drastic chemical shifts in the 1H NMR rules out this reaction under 1 sun 
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illumination during a 24-hour period. Finally, the UV-Vis spectrum in Figure 1 (red trace) shows 
that Fe(bpmcn)Cl2 is stable under completely inert conditions in dry acetonitrile under N2. 
 
Scheme 3.2. Possible Conformal Rearrangement of Fe(bpmcn)Cl2. Reprinted (adapted) with 
permission from Esarey, S.L.; Holland, J.C.; Bartlett, B.M., Inorg. Chem. 2016, 55, 11040 – 
11049. Copyright 2016 American Chemical Society. 
 
 
Figure 3.1. (a) UV-vis spectra of Fe(bpmcn)Cl2 in dry, degassed acetonitrile for t = 0 (black) and 
24 hrs (red) in the dark and under 1-sun illumination (blue). (b) UV-vis spectra of Fe(bpmcn)Cl2 
in acetonitrile with no added cerium ammonium nitrate (CAN, black), 1 equivalent of CAN (red), 
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and two equivalence of CAN (blue). Reprinted (adapted) with permission from Esarey, S.L.; 
Holland, J.C.; Bartlett, B.M., Inorg. Chem. 2016, 55, 11040 – 11049. Copyright 2016 American 
Chemical Society. 
 
When exposed to 24 hours of 1-sun illumination (but still under N2 in acetonitrile), the 1H 
NMR spectrum is unchanged, but the UV-Vis spectrum presented as the blue trace in Figure 3.1 
indicates a small, blue shift in the MLCT band over a 24-hour period. This shift in similar to what 
is observed in Fe2+ in solution as well as Fe2+ in enzymes as it slowly photo-oxidizes to Fe3+.34–36 
However, when we add 1 and 2 equivalents of CAN oxidant to a solution of Fe(bpmcn)Cl2 in 
acetonitrile, a similar blue shift and the appearance of higher energy bands appear but with molar 
extinction coefficients that are approximately an order of magnitude higher. Therefore, we surmise 
that even for illumination times ≥ 24 h, little photo-induced oxidation of Fe2+ in the complex is 
observed, which is consistent with the 1H NMR spectra in Figure B6. 
When exposed to a saturated solution of O2 in dry acetonitrile in the dark, a similar Fe2+ 
oxidation is observed by UV-Vis spectroscopy, illustrated in Figure 3.2. Here, new absorption 
maxima appear at !max = 294, 328, and 374 nm, with an isosbestic point at 417 nm. Given that this 
hypsochromic shift in the UV-Vis spectrum does not occur in the absence of O2 and light (see 
Figure 3.1, blue trace), we surmise that O2 reacts with the complex in the dark, albeit slowly. 
 
Figure 3.2.UV-vis spectra of a Fe(bpmcn)Cl2 solution in dry acetonitrile saturated with O2 over 
time in the dark. Reprinted (adapted) with permission from Esarey, S.L.; Holland, J.C.; Bartlett, 
B.M., Inorg. Chem. 2016, 55, 11040 – 11049. Copyright 2016 American Chemical Society. 
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Irradiating a dry acetonitrile solution of Fe(bpmcn)Cl2 that is saturated with O2 results in 
the onset of a spectral shift in the UV-Vis response, with a new peak appearing at 342 nm. Further, 
a clear isosbestic point at 419 nm is present in the series of spectra, indicating that only one reaction 
is proceeding with Fe(bpmcn)Cl2. In separate experiments, spectral changes resulting from iron 
oxidation upon exposure to either saturated O2 or to light do not emerge until after 1 day. In 
contrast, Figure 3.3 shows that when both light and O2 are present, iron oxidation proceeds with a 
pseudo-first-order rate constant k = 3.08(3) × 10–3 min–1 by monitoring the absorbance at 342 nm 
(see inset). After 3 h, the reaction rate drops either as we approach equilibrium or as the 
concentration of O2 in solution decreases. The changes in 1H NMR chemical shifts and new peaks 
appearing near 7 ppm after exposure to both O2 and light corroborate this reactivity (Figure B7). 
The faster oxidation with both O2 and light present implies that both sunlight and O2 react with the 
iron together. 
 
Figure 3.3. UV-vis spectra of a Fe(bpmcn)Cl2 solution in dry acetonitrile under O2 with 1-sun 
illumination. Reprinted (adapted) with permission from Esarey, S.L.; Holland, J.C.; Bartlett, B.M., 
Inorg. Chem. 2016, 55, 11040 – 11049. Copyright 2016 American Chemical Society. 
 
When we irradiate a dry acetonitrile solution of Fe(bpmcn)Cl2 under O2 through a 550 nm 
cutoff filter, only the slow oxidation of the iron from the presence of O2 is observed over the first 
24 h (Figure B8). Then, preparing Fe(bpmcn)Cl2 in acetonitrile with excess H2O2 results in an 
absorption maximum at 340 nm, similar what we observe with both O2 and light (Figure B9). All 
three spectra in Figure B9 also show an isosbetic point at 422 nm, suggesting that reacting with 
H2O2 and with O2 and light result in the similar products. We note that adding H2O2 to similarly 
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structured non-heme iron complexes is commonly used in organic oxidation catalysis, and these 
oxidations proceed through an Fe3+-peroxo intermediate.20,21,31,37  In addition, the spectra produced 
do not correspond to any FeCl2 solvated complex in acetonitrile (Figure B10), discounting ligand 
dissociation as a potential decomposition pathway. Previous examples of non-heme iron 
complexes exposed to O2 at low temperatures have yielded similar UV−vis spectral responses, 
with the emergence of a strong absorption band between 340 and 350 nm that corresponded to an 
Fe3+−O2− species.38–41 We therefore surmise that that a Fe3+−O2− (superoxo) species is generated 
with O2 and light at room temperature. 
To corroborate forming a superoxo intermediate, we recorded resonance Raman spectra 
after illumination with 1.5 W of AM 1.5 G filtered light (Figure 3.4). Spectra were recorded on 
samples taken directly from solution under illumination (0.5 mM) and frozen immediately in liquid 
nitrogen (77 K). Cosmic rays were manually removed for clarity in Figure 3.4. A resonance-
enhanced vibration near 1051 cm−1 appears as a shoulder to the acetonitrile solvent peak for the 
Fe−16O2− complex. As expected, a 56 cm−1 shift in this peak occurs when 16O2 is replaced with 
18O2 under illumination, with a peak appearing at 995 cm−1.39–41 This is strong evidence for an end-
on ferric superoxo species generated photochemically in dry organic solvent.  
 
 
Figure 3.4. Resonance Raman spectra of (black) Fe–16O2– and (red) Fe–18O2– with a 413 nm laser 
at 77K.  Starred peaks indicate acetonitrile solvent peaks. Reprinted (adapted) with permission 
from Esarey, S.L.; Holland, J.C.; Bartlett, B.M., Inorg. Chem. 2016, 55, 11040 – 11049. Copyright 
2016 American Chemical Society. 
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The SQUID magnetometry of the product formed after exposing Fe(bpmcn)Cl2 to O2 and 
light shows a significant decrease in the χMT product from 3.89 cm3 K mol−1 in the freshly prepared 
sample to 0.59 cm3 K mol−1 (Figure 3.5). This result is indicative of a spin-state change from high-
spin Fe2+ (S = 2) to low-spin Fe3+ (S = 1/2) that is uncoupled to the superoxo radical. Furthermore, 
ESI-MS+ analysis shows fragments at m/z+ < 400 from Fe(bpmcn)Cl2 exposed to illumination 
under O2 for 24 h that are consistent with amide formation on the ligand (m/z+ = 339.22), and C−N 
bond cleavage (m/z+ = 262.19) (Figure B11). When 16O2 is replaced with 18O2, clear isotopic 
labeling is observed in the mass spectra corresponding to the amide formation under soft ionizing 
conditions (Figure B12). Moreover, FTIR spectra of Fe−16O2 vs Fe−18O2 show this amide bond in 
the crude material, with a shift in the vibrational signal at 1660 cm−1 into the signals from the 
pyridine ring near 1600 cm−1, consistent with the difference in reduced mass when substituting 
C16O with C18O in the amide bond (Figure B13). 
 
 
Figure 3.5. Variable-temperature magnetic susceptibility of Fe(bpmcn)Cl2 (black) pre- and (red) 
post-exposure to O2 under 1.5 W of illumination through an AM 1.5G filter. Reprinted (adapted) 
with permission from Esarey, S.L.; Holland, J.C.; Bartlett, B.M., Inorg. Chem. 2016, 55, 11040 – 
11049. Copyright 2016 American Chemical Society. 
 
Since these products are observed only through exciting electrons from the MCLT band 
absorption, reactivity must include the Fe-center of the molecular complex. Although we observe 
iron oxidation through varying spectroscopic techniques, the activity of the resulting complex 
toward the OER does not completely diminish (Figure 3.6). Rather, oxidation decreases the 
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turnover number (TON) by only 35% after 3 h and decreases the turnover frequency (TOF, 
measured by the initial rate) from 3.24 to 2.30 min−1. We conclude that although O2 binds to the 
iron complex, the resulting Fe3+−O2− is active for catalyzing the OER, but that it slowly oxidizes 
itself. It is likely that this decomposition leads to the decreased activity of the OER observed in 
Figure 3.6. Nevertheless, adding CAN to the Fe3+−O2− species illustrated in Scheme 3.3 releases 
O2 and generates a species active for the OER. 
 
Figure 3.6.OER data collected using an O2 probe over a solution of 12.5µM Fe(bpmcn)Cl2 (black) 
in unbuffered 18.2 MW H2O and (red) after exposing Fe(bpmcn)Cl2 to O2 and light for 2 days.  
4,000 eq. of CAN were added to the solution to initiate chemical oxidation of water, and the 
solution pH is ~0.9 after adding excess oxidant. Reprinted (adapted) with permission from Esarey, 
S.L.; Holland, J.C.; Bartlett, B.M., Inorg. Chem. 2016, 55, 11040 – 11049. Copyright 2016 
American Chemical Society. 
 
Scheme 3.3. Proposed mechanism for photo-initiated binding of O2 to Fe(bpmcn)Cl2 in 
acetonitrile. Reprinted (adapted) with permission from Esarey, S.L.; Holland, J.C.; Bartlett, B.M., 
Inorg. Chem. 2016, 55, 11040 – 11049. Copyright 2016 American Chemical Society. 
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To recap, UV-Vis- and resonance-enhanced Raman spectroscopies, coupled with magnetic 
susceptibility measurements indicate that Fe(bpmcn)Cl2 reacts to form an end-on Fe3+–O2– species 
in the presence of O2 at room temperature; the reaction is slow in the dark. Moreover, oxidation of 
the iron complex solely under illumination yields no reaction. Of note, these non-heme iron 
complexes have been used previously with H2O2 for epoxidation of alkenes and for aliphatic C–H 
bond oxidation, and visible light coupled with O2 has shown reactivity for non-heme {FeNO}7 
complexes in the oxidation of thiolates in organic solvents as described in the introduction. 
Although this background reaction occurs significantly faster than when Fe(bpmcn)Cl2 is exposed 
to O2 and light separately, it still requires at least 24 hours to completely react in solution and it 
forms ~6 times slower than acid-driven ligand dissociation. This reaction could be accelerated by 
adding an acid in non-aqueous media to yield an Fe-OOH intermediate for use in organic substrate 
oxidation. In this regard, further exploration is needed to generate photocatalysis in organic media, 
using similar reaction conditions as reported herein and examples from the literature such as the 
recently reported {FeNO}7 complexes for thiolate oxidation.30 
 
3.4 Effects of Water and Acid.  Dissolving Fe(bpmcn)Cl2 in D2O with 0.1 M deuterated 
trifluoroacetic acid (d-TFA) results in the rapid disappearance of 1H NMR signals downfield of 10 
ppm. Instead, the 12 peaks appear between 0 and 10 ppm upon monitoring the reaction for 4 h 
(Figures B14 and B15), and no deshielded signals indicative of a paramagnetic center remain after 
8 h. Furthermore, the final 1H NMR spectra matches closely to that of free bpmcn in the presence 
of 1 equiv FeCl2 in pH 1 d-TFA. In addition, the UV−vis spectra in Figure 3.7a show a decreasing 
MLCT band at 367 nm over 3 h in the dark in pH 1 trifluoromethanesulfonic acid (TfOH). The 
existence of a clear isosbestic point at 287 nm suggests that only two species contribute to the 
absorption spectrumthe starting iron complex and a single product. A plot of log[Fe(bpmcn)Cl2] 
vs t for the MLCT band at 367 nm is linear, consistent with a first-order decay with a rate constant 
of kobs = 19.8(2) × 10−3 min−1.  
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Figure 3.7. (a) Fe(bpmcn)Cl2 in pH 1 TfOH over time from t = 0 to 3 hours.  (b) UV-vis spectra 
of Fe(bpmcn)Cl2 after 3 hours in pH 1 TfOH before and after the addition of 2,2’-bipyridine. 
Reprinted (adapted) with permission from Esarey, S.L.; Holland, J.C.; Bartlett, B.M., Inorg. Chem. 
2016, 55, 11040 – 11049. Copyright 2016 American Chemical Society. 
 
Disappearance of the MLCT band hints at ligand dissociation, leaving behind free bpmcn 
and [Fe(H2O)6]2+. To demonstrate that indeed the bpmcn ligand dissociates from Fe2+ upon 
reacting with acid, we added 2,2′-bipyridine to the solution after 3 h. This reaction results in a new 
UV−vis spectrum in Figure 3.7b with absorbances at 349, 496, and 523 nm, all of which match 
closely with [Fe(bpy)3]2+.42 This observation is consistent with what has been observed during the 
OER catalysis for similar non-heme iron complexes.11 The increasing absorptivity of the π−π* 
transition at 261 nm of the ligand is consistent with the inherent higher absorptivity of the free 
intact bpmcn ligand, and adding 2,2′-bpyridine to a solution of FeCl2 in pH 1 TfOH produced the 
same result as presented in Figure 3.7 (Figure B16). Moreover, cyclic voltammetry of the pH 1 
TfOH solution over time shows a disappearance of the Fe3+/2+ reversible wave having E1/2 = 0.578 
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V vs Ag/AgCl (0.775 V vs NHE) associated with the Fe(bpmcn)Cl2 complex over a similar time-
scale as the 1H NMR and UV−vis spectroscopy experiments, illustrated in Figure 3.8a. Within 4 
h, the Fe3+/2+ wave associated with Fe(bpmcn)Cl2 completely disappears, and a very broad wave 
centered at 0.6 V vs Ag/AgCl appears. Figure 3.8b shows that after adding 3 equiv. of 2,2′-
bipyridine to this solution, a new clearly distinct and reversible wave with E1/2 = 0.886 V vs 
Ag/AgCl results; this wave is consistent with the [Fe(bpy)3]2+/3+ couple.43 Together, these data 
show unequivocally that bpmcn dissociates at pH 1 through the reaction outlined in Scheme 3.4. 
 
Figure 3.8. (a) Cyclic voltammetry of Fe(bpmcn)Cl2 in pH 1 TfOH over four-hour block of time.  
WE: Glassy carbon, CE: Pt wire, RE: Ag/AgCl (sat’d KCl). (b) The same solution (black) after 
the four-hour mark, (red) prior to, and (blue) after adding 3 eq. of 2,2’-bipyridine to the solution. 
Reprinted (adapted) with permission from Esarey, S.L.; Holland, J.C.; Bartlett, B.M., Inorg. Chem. 
2016, 55, 11040 – 11049. Copyright 2016 American Chemical Society. 
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Scheme 3.4. Proposed mechanism for dissociation of Fe3+ from bpmcn ligand under acidic 
conditions. Reprinted (adapted) with permission from Esarey, S.L.; Holland, J.C.; Bartlett, B.M., 
Inorg. Chem. 2016, 55, 11040 – 11049. Copyright 2016 American Chemical Society. 
 
 
As expected, free Fe2+ in solution that results from adding 0.1 M acid (pH 1) yields no 
OER activity, illustrated in Figure 3.9. However, ligand dissociation is slower when the pH is 
raised to pH 3, similar to the conditions used for Fe|WO3 electrodes in our previous work.1 
Monitoring the disappearance of the MLCT band in Figure 3.10a shows that ligand dissociation 
now occurs over the course of several days, not hours.  
 
 
Figure 3.9. OER data collected using an O2 probe of solution of 12.5 µM Fe(bpmcn)Cl2 in 
unbuffered 18.2 MW H2O (black) and in pH 1 TfOH for 4 hours (red).  4,000 eq. CAN were added 
to the solution to initiate dark oxidation of water, which is marked as t = 0 in the plot.  The solution 
pH is ~0.9 after adding excess oxidant. Reprinted (adapted) with permission from Esarey, S.L.; 
Holland, J.C.; Bartlett, B.M., Inorg. Chem. 2016, 55, 11040 – 11049. Copyright 2016 American 
Chemical Society. 
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Figure 3.10. UV-vis spectra of Fe(bpmcn)Cl2 in 0.1 M HOTf/NaOTf pH 3 under N2 (a) in the 
dark over 4 days, and (b) under 1-sun illumination under N2 at (black) t = 0, (red) 8 hours, and 
(blue) after 24 hours. Reprinted (adapted) with permission from Esarey, S.L.; Holland, J.C.; 
Bartlett, B.M., Inorg. Chem. 2016, 55, 11040 – 11049. Copyright 2016 American Chemical 
Society. 
 
By plotting first-order kinetics for the first hour, the rate constant, kobs = 93(5) × 10−5 
min−1 reflects this increased stability, decreasing by 2 orders of magnitude (inset of Figure 3.10a). 
With prolonged exposure to sunlight at pH 3, the complex also undergoes acid-driven ligand 
dissociation and light-driven oxidation occurring simultaneously, presented in Figure 3.10b. The 
absorption band growing in at 300 nm can be attributed to the MLCT band absorption from the 
newly formed Fe3+ complex, and the decrease in intensity of the MLCT band from the Fe2+ 
complex can be attributed to ligand dissociation.  
Given that Fe(bpmcn)Cl2 does not exist as an Fe2+ in the proposed mechanism of water 
oxidation, and an increased oxidation state of the iron center would result in a substitutionally inert 
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intermediate, it is unlikely that ligand dissociation occurs during the OER. However, prolonged 
exposure of the complex to light, oxygen, and/or acid prior to using it for catalytic water oxidation 
will significantly reduce the activity of this catalyst due to ligand dissociation–whether as a 
homogeneous catalyst or when anchored to a semiconductor. 
 
3.5 Conclusions 
The complex Fe(bpmcn)Cl2 is easily oxidized under the action of solar illumination and 
O2. It is also prone to ligand dissociation at pH 1. These findings have profound implications on 
the stability and structural identity of non-heme iron WOCs anchored to semiconductor 
photoelectrodes such as WO3. Oxygen in the dark oxidizes Fe(bpmcn)Cl2 in non-aqueous 
conditions (acetonitrile) over the course of days, and under illumination, an Fe3+–O2– complex 
forms within a few hours. This new complex remains active for the OER, albeit slower than the 
original Fe(bpmcn)Cl2 complex. In contrast, Fe(bpmcn)Cl2 is inherently unstable in water at pH ≤ 
3. There, bpmcn dissociates. At pH 3, this reaction is slow, so it may not lead to direct drastic 
decomposition of anchorable catalysts such as Fe(tebppmcn)Cl2 tethered to WO3. Still, several 
analytically challenging questions remain, such as the possibility of ligand backbone oxidation by 
WO3 and identifying the catalytically active species responsible for oxidation of the ligand 
backbone by WO3.  Nevertheless, this chapter introduces a new possible pathway for degradation 
of molecular WOCs on semiconductors or solid supports irrespective of anchoring group 
hydrolysis. We aim to begin a larger discussion of what is feasible in proposing the true active 
species of molecular/solid-state electrodes in PEC and PES cells over short and long time periods. 
These considerations are also quite relevant to using non-heme complexes as photocatalysts for 
oxidizing organic substrates. 
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Chapter 4 
Using Molecular Fe(bpmcn)Cl2 for Controlled Growth of an 
Amorphous FeOOH Electrocatalyst for Water Oxidation 
 
4.1 Introduction 
 In addition to the reactivity of Fe(bpmcn)Cl2 under acidic conditions and exposure to 
visible light and oxygen, we also wanted to probe the stability of this complex toward neutral and 
basic conditions.  It has been reported in the literature that non-heme iron complexes with similar 
structure to Fe(bpmcn)Cl2 undergo decomposition starting at pH 9 during water oxidation with 
sodium persulfate as a sacrificial oxidant in water.1  The proposed decomposition pathway was the 
dissociation of Fe3+ from the ligand in the presence of OH– to form amorphous FeOOH, a known 
electrocatalyst for the oxygen evolution reaction that is stable up to pH 14.  However, the 
morphology of this solid material was not discussed.  A key aspect to electrocatalyst and solid-
state synthesis is influence over morphology, which allows for some control over surface area, 
hole concentration at the surface, and ultimately high current generation per unit surface area of 
an electrode.  In fact, some reports on FeOOH synthesis involve FeCl2 and small L-type ligands 
such as N-methylimidazole, NH3, poly(vinyl pyrrolidone), and others,2,3,4 while others have used  
ferrocene,5 and some only use FeCl2 under typical buffered conditions at or above pH 4.6–9  The 
importance of growing FeOOH electrcatalyst with control over deposition that yield high 
photocurrents ( j ≥ 10 mA cm–2) at low overpotentials (!OER ≤ 600 mV) is to ultimately coat 
visible-light absorbing semiconductor electrodes such as WO3 or BiVO4 that that inherently 
require high overpotentials, have low selectivity for water oxidation, or have poor stability under 
neutral to basic conditions.  This coating of FeOOH would be used to increase the properties of 
the photoanode discussed above, particularly at higher pH.6,9 
Although some FeOOH electrodes in the literature achieve 10 mA cm–2 at pH 14 with 
overpotentials below 600 mV, there has not been much investigation in the role of the ligand on 
morphology of the FeOOH electrocatalyst and, thus, current generated from electrocatalytic OER.  
However, growth mechanisms that have generated the lowest overpotentials for OER have 
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involved organic ligands, particularly Cp (X-type !" ligand) and amine-based L-type ligands.  We 
therefore want to probe how an L-type !# ligand such as the bpmcn ligand in [Fe(bpmcn)(H2O)2]2+ 
can control morphology of FeOOH growth as compared to [Fe(H2O)6]2+ under basic pH.  We 
explore both the morphology of FeOOH growth in solution as a function of pH, and determine the 
morphology of FeOOH from the Fe(bpmcn)Cl2 complex via electrochemical deposition at pH 13.  
The structure of Fe(bpmcn)Cl2 is shown in Scheme 4.1. 
 
Scheme 4.1. Chemical structure of Fe(bpmcn)Cl2 with C2V symmetry. 
 
 
4.2 Experimental Section 
General considerations.  Iron(II) chloride tetrahydrate (99.99% trace metals basis) and sodium 
hydroxide were purchased through Sigma Aldrich.  FeCl2 ∙ 4H2O was stored under N2 prior to use. 
Fe(bpmcn)Cl2 was synthesized as described in Chapter 3 of this thesis, and as found in the 
literature.10,11 Hydrochloric acid (Certified ACS Plus, 36.5 – 38.0% (w/w)) was purchased through 
Fisher Scientific.  18.2 MW water was used for all experiments in this chapter to prevent any 
contamination.  pH was measured with a Fisher ScientificTM accumetTM AE150 pH Benchtop 
Meter.  Scanning electron microscopy images were collected on a JEOL-7800FLV scanning 
electron microscope equipped with an Oxford X-ManN silicon drift detector (Oxford Instruments) 
and a (Oxford NordlysMax2) detector.  Fluorine-doped tin oxide coated glass slides were cut into 
1 cm x 3 cm rectangles, then scrubbed by hand with Fisherbrand Sparkleen® detergent before 
being sonicated in 18.2 MΩ H2O, ethanol, acetone, and hexanes for 15 minutes each.  The slides 
were then washed with hexanes and dried over a stream of N2 prior to electrochemical deposition.  
Slides were stored covered in plastic petri dishes to prevent dust build-up.  Powder X-ray 
Diffractograms were collected on a Bruker D8 Advance diffractometer equipped with a graphite 
monochromator, a Lynx-Eye detector, and parallel beam optics using Cu Ka radiation (l = 
N
N
N
N
Fe
Cl
Cl
Fe(bpmcn)Cl2
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1.54184 Å).  Raman spectroscopy was collected on a Reinshaw inVia spectrometer with a 532 nm 
laser and RenCam CCD detector. 
 
a-FeOOH precipitation from NaOH in air. 0.01 M solutions of either [Fe(H2O)6]2+ or 
[Fe(bpmcn)(H2O)]2+ were prepared at a scale of 10.0 mL, and pH was adjusted to the appropriate 
level with small additions of either HCl or NaOH (1 M or 6 M).  It is important to note that the 
solubility of Fe(bpmcn)Cl2 in water does not allow for a higher concentration at room temperature 
and increased ionic strength of the solution results in lower solubility of the complex. Solutions 
were then allowed to sit in the dark for 3 days and observed by eye to test for precipitation.  Any 
solutions that contained particulates that could be collected were analyzed with a scanning electron 
microscope and PXRD. 
 
OER activity of a-FeOOH powders precipitated from base.  Powders collected from the 
precipitation at pH 11 and pH 13 were suspended in a carbon-based (CB) slurry.  Briefly, 5 mg of 
a-FeOOH was added to a vigorously stirring solution of 1.0 mL THF containing 1 mg of acetylene 
carbon black and 11.25 µL Nafion® 117 solution (5% in low aliphatic alcohols and water).  The 
solution was then sonicated for 20 minutes before drop-casting 50µL onto a clean FTO substrate 
masked to expose 1 cm2 with electrical tape.  The film was allowed to dry in air overnight, then 
films were exposed to a pH 14 NaOH solution with the a-FeOOH/CB film as the working 
electrode, a Pt disk as the counter electrode, and Ag/AgCl as the reference electrode.  LSVs were 
conducted at 5 mV s–1 starting at OCP.  Given the brief exposure to the solution, we do not believe 
the Ag/AgCl was negatively affected by the high pH. 
 
a-FeOOH electrodeposition from Fe(bpmcn)Cl2 precursor. 25 mL of a 0.01 M Fe(bpmcn)Cl2 
solution was prepared with 0.1 M NH4Cl as an electrolyte solution.  It is important to note that the 
solubility of Fe(bpmcn)Cl2 in water does not allow for a higher concentration at room temperature, 
and increased ionic strength of the solution results in lower solubility of the complex.  This solution 
was degassed with N2 (for at least 15 minutes) prior to the addition of Fe(bpmcn)Cl2, then degassed 
for an additional 30 minutes to thoroughly remove oxygen and prevent FeOOH precipitation in 
solution.  The solution was then brought to pH 13 with 1 M NaOH while maintaining a stream of 
N2 over the solution at which point the solution turns an opaque orange.  A cleaned FTO film 
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masked to expose 1 cm2 of area with electrical tape, and clipped with alligator clips was placed in 
the solution as the working electrode, with a Pt disk as the counter electrode and a Hg/HgO (1 M 
NaOH) reference electrode.  A 0.4 V vs Hg/HgO bias was applied to the working electrode until 
sufficient charge was passed (0.025 – 0.12 C).  During electrodeposition, the solution was slowly 
purged with N2 via a needle to prevent FeOOH formation in the solution, but not to perturb the 
solution to a degree that would cause stirring of the solution.  Once the electrode was removed 
from solution, the film was immediately washed thoroughly with 18.2 MW H2O, then ethanol to 
remove any unreacted Fe(bpmcn)(OH)2 or unbound FeOOH.  The film was dried over a stream of 
N2 prior to storage. 
 
Electrocatalytic Water Oxidation with FeOOH films.  Films of FeOOH|FTO were submerged 
in pH 14 NaOH with a Pt disk counter electrode and a Hg/HgO reference electrode.  Linear sweep 
voltammetry (LSV) scans were performed starting from open circuit potential (OCP) and scanned 
toward positive potentials at a rate of 5 mV s–1.  Electrochemical potential was adjusted to RHE 
scale with Eqn. 4.1. 
 
E(V)RHE		= 		E(V)Hg HgO⁄ 		+		0.098 V		+		0.059pH	 Eqn. 4.1 
 
 
Any scans that were treated with iR compensation were adjusted using the measured resistance of 
the FTO slide used, which was typically ~26 W. 
 
4.3 Morphology and Electrochemical Activity of FeOOH from Fe(bpmcn)Cl2 in Solution 
 Precipitation of 0.01 M Fe(bpmcn)Cl2 from aqueous conditions under air was observed to 
begin near pH 5, but did not produce enough powder for characterization until pH 11, or closer to 
stoichiometric amounts of [OH–] were present in solution.  However, enough particulates could be 
gathered for solutions at pH 11 and pH 13 NaOH with 0.01 M Fe(bpmcn)Cl2.  Powder X-ray 
diffraction shows these are mostly amorphous materials, with broad diffraction peaks near 28 º-
2q and 32 º-2q, consistent with the production of an amorphous iron oxide material with poor 
crystallinity similar in structure to goethite (a-FeOOH, Figure 4.1).2  
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Figure 4.1. Powder X-ray diffractograms of Fe(bpmcn)Cl2 precipitated as a-FeOOH from 
(black) pH 11 and (red) pH 13 solutions. 
 
To confirm the morphology of this material and the chemical composition, we examined these 
powders under scanning electron microscopy (SEM) and qualitatively analyzed the chemical 
composition by Energy-Dispersive X-Ray Spectroscopy (EDS).  As shown below in Figure 4.2, 
SEM images show aggregation of nanoparticles, and show particles with urchin-like morphology, 
stemming from an initial nucleation site in the center and continuing with anisotropic growth of 
the material from the central nucleation site.  On the other hand, particles precipitated from 
Fe(bpmcn)Cl2 at pH 13 and FeCl2 at pH 11 and 13 are aggregations of smaller particles with no 
clear anisotropic morphology.  This implies that Fe(bpmcn)Cl2 in pH 11 solution exposed to air 
may produce particles at a slow enough rate that influence over morphology is observed.  In order 
to examine the true size of the aggregated particles from precipitation of FeCl2 precipitate from 
pH 11, and Fe(bpmcn)Cl2 and FeCl2 at pH 13, higher resolution SEM images will be needed.  
Based on measurements made with ImageJ software, the average particle size of a-FeOOH 
precipitate from Fe(bpmcn)Cl2 at pH 11 is (350 ± 60) x (70 ± 10) nm.  This gives us an aspect ratio 
of 4.84 ± 0.06, where aspect ratio is calculated with the equation described in Eqn. 4.2 () = +/- Eqn. 4.2 
where AR is the aspect ratio, and l & w are the average length and width of the particles measured 
in nm, respectively. 
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Figure 4.2.  SEM images of particles precipitated in a pH 11 solution from (a) Fe(bpmcn)Cl2 and 
(b) FeCl2, and particles precipitated in a pH 13 solution from (c) Fe(bpmcn)Cl2 and (d) FeCl2. 
 
 To confirm the existence of a-FeOOH, Raman spectroscopy was taken of both powders 
precipitated from pH 11 and pH 13 with a 532nm laser at 10% power (Figure 4.3).  Although 
Raman-active vibrations match well with the reference Raman spectra of a-FeOOH, a crystalline 
form of iron oxide known as goethite,12 Raman shifts between 500 – 700 cm–1 seem broadened 
compared to the crystalline reference.  A table of the Raman shifts along with literature values and 
assignments are outlined in Table 4.1. 
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Figure 4.3.  Raman spectra of FeOOH particles precipitated from (black) pH 11 and (red) pH 13, 
confirming both materials are identical in structure, and have similar chemical structure to 
goethite (a–FeOOH), with broadened vibrational responses compared to the reference between 
500 – 700 cm–1 and 1100 – 1500 cm–1.   
 
Table 4.1. Raman shifts of a-FeOOH precipitated from Fe(bpmcn)Cl2 in pH 11 and 13, compared 
to the known Raman shifts of crystalline goethite, a-FeOOH. 
Experimental 
(cm–1) 
Literature 
(cm–1) Assignment 
215 223 Fe–O sym. str. 
279 297 Fe–OH sym. bend 
396 392 Fe–O–Fe/OH sym. str. 
492 484 Fe–OH assym. str. 
582 564 Fe–OH assym. str. 
670 674 Fe–O sym. str. 
 
 The similarities in Raman spectra between goethite and the a-FeOOH material and the 
amorphous PXRD pattern indicates that the local structures are very similar, yet our a-FeOOH 
shows no long-range ordered crystalline domains.  This broadening of the Raman signals has been 
observed previously both in a-FeOOH and in amorphous Si.2,13, in which these amorphous 
materials have similar bonding and vibrational modes to those of either goethite or crystalline Si, 
respectively.  Given no crystalline signal from the a-FeOOH via PXRD, we propose the a-FeOOH 
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produced from room temperature precipitation from Fe(bpmcn)Cl2 at basic pH grows in a similar, 
yet amorphous structure to goethite, which is shown in Figure 4.4.14 
 
Figure 4.4.  Crystal structure of a-FeOOH (goethite), taking an orthorhombic crystal structure 
with a = 9.913 Å, b = 3.013 Å, c = 4.580 Å, a = b = g = 90º and space group Pnma.  Here, Fe atoms 
are represented by brown spheres, while O and H atoms are represented by red and white, 
respectively.  Figure generated with JSmol. 
 
We also propose the chemical reaction that takes place during precipitation involves the 
use of O2(aq) to oxidize the Fe(bpmcn)Cl2, followed by a subsequent precipitation of Fe(OH)3 and 
finally deprotonation of one of the hydroxyl groups to for a-FeOOH, leaving the free ligand in 
solution (Eqn. 4.3).  In support of this reaction, mass spectrometry collected of the 0.01 M 
Fe(bpmcn)Cl2 solutions of pH 11 and pH 13 reveal a large signal at m/z+ = 325, which matches 
with the protonated bpmcn ligand [bpmcn-H+] = 325 (Figure C1 and C2). 
 
4Fe(bpmcn)(OH)2 +  O2  →  4FeOOH(s) +  4bpmcn +  2H2O Eqn. 4.3 
 
 To understand the electrochemical activity of this material toward OER, slurries of these 
powders were created with acetylene carbon black and Nafion® 117 as a conductive contact to the 
FeOOH particles, and drop-casted onto a 1 cm2 exposed area of an FTO slide.  This film was then 
exposed to a pH 14 solution of NaOH, and linear sweep voltammetry (LSV) was used to 
characterize the electrochemical reactivity toward water oxidation.  As shown in Figure 4.5, these 
films are shown to be electrochemically active in basic conditions.  However, overpotential is high 
due to poor electrical contact of the FeOOH@Carbon film to the FTO surface. 
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Figure 4.5.  Linear sweep voltammogram of a-FeOOH embedded in carbon black and Nafion® 
117 on a FTO slide, with a scan rate of 5 mV s–1. 
 
The data collected in Figure 4.5 shows that the a-FeOOH is electrochemically active for OER.  To 
improve the electrochemical response, electrochemical deposition of a-FeOOH from 
Fe(bpmcn)Cl2 was pursued to replace O2 as the sacrificial oxidant with a potentiostat, allowing 
better contact with the FTO and reducing overall resistance in the anode. 
 
4.4 Electrochemical Deposition of a-FeOOH from Fe(bpmcn)Cl2 onto FTO 
 Since Fe(bpmcn)Cl2 can be slowly oxidized in the presence of oxygen to a-FeOOH as 
described in Eqn. 4.3, and this resulting powder was measured to be electrochemically active for 
water oxidation, an electrochemical deposition route was pursued from a Fe(bpmcn)Cl2 precursor.  
Starting from similar deposition conditions as reported in the literature2, a 0.01 M solution of 
Fe(bpmcn)Cl2 in 0.1 M NaCl at pH 13 under N2 was used, applying a 0.4 V vs Hg/HgO bias until 
0.12 C was passed.  The electrochemical half-reaction at the surface is outlined in Eqn. 4.4. 
 
Fe(bpmcn)(OH)2 + OH—  →  FeOOH + bpmcn + H2O  + e— Eqn. 4.4 
 
The first step is believed to be the oxidation of FeII(bpmcn)(OH)2 via Eqn. 4.5 
 
FeII(bpmcn)(OH)2  →   [FeIII(bpmcn)(OH)2]+  + e— Eqn. 4.5 
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Fe3+ is known to be highly unstable under basic conditions and form Fe(OH)3 in solution in the 
presence of OH—.15  It is believed that a polymerization of Fe(OH)3 then occurs in solution to form 
[Fe(OH)2]n+.  The mechanism for this reaction is proposed to be the following chemical reaction, 
similar to what has been reported for FeCl2.15 
 
[Fe(OH)2]I+ + FeIII(bpmcn)(OH)2    →  [Fe(OH)2]n+1+  +  bpmcn Eqn. 4.6 
 
where the polymer forms in solution to the point that a colloidal suspension of FeOOH is formed 
that ultimately develops a low enough zeta potential (/) to precipitate out of solution as a-FeOOH, 
and nucleate directly at the sight of oxidation on the surface.   
 
[Fe(OH)2]n+  + nOH—  →   [FeO(OH)]n  + nH2O Eqn. 4.7 
 
SEM images of the resulting FeOOH|FTO films show high aspect ratio films (Figure 4.6), but with 
a more uniform coating compared to the precipitate found when forming a-FeOOH from 
Fe(bpmcn)Cl2 in solution at pH 11 or pH 13 in the presence of O2 (see Figure 4.2).  Side-angle 
view suggests a platelet-like morphology of the film. 
 
Figure 4.6.  SEM image of a-FeOOH|FTO electrodeposited from a 0.01 M Fe(bpmcn)Cl2 solution 
at pH 13 with 0.1 M NaCl electrolyte, using a Pt disk counter electrode and Hg/HgO (1 M NaOH) 
reference electrode.  Electrodeposition conducted at 0.4 V vs Hg/HgO (1 M NaOH) until 0.02 C 
passed.  Inset is a 45º angle view of the film, showing platelet morphology. 
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Average width of these disordered array of platelets is 21 ± 5 nm.  In comparison to the high aspect 
ratio particles precipitated from pH 11 under air, these particles have widths that are 50 nm thinner, 
and observable lengths of 240 ± 80 nm.  
 Electrochemical activity of the a-FeOOH|FTO film shown in Figure 4.6 in pH 14 NaOH 
confirms electrocatalysis of the OER.  Compensating for iR loss from the FTO with a resistance 
measured as 27.5 W, we achieve 10 mA cm2 with an overpotential as low as 500 mV (Figure 4.7), 
with an optimal film deposition charge of 0.075 C/cm2. 
 
p 
Figure 4.7.  LSV of a-FeOOH|FTO with 1 cm2 exposed surface area in pH 14 NaOH with a Pt 
disk counter electrode, Hg/HgO (1 M NaOH) reference electrode, and a 5 mV s–1 scan rate.  Data 
is represented as iR compensated with 27.5 W resistance for the FTO film, and LSV scans of films 
grown from deposition charge passed of (black) 0.025 C, (red) 0.05 C, (blue) 0.075 C, (green) 0.1 
C, and (purple) 0.12 C.  Electrochemical potential was converted to the RHE scale using Eqn. 4.1. 
 
 
Compared to other examples of a-FeOOH films, some report overpotentials as low as 480 mV 
with undoped a-FeOOH and as low as 420 mV overpotential with Ni-doped a-FeOOH.5–7  While 
these films are comparable in overpotential for undoped a-FeOOH, proper optimization of these 
films in terms of concentration of Fe(bpmcn)Cl2, electrolyte concentration, and temperature of 
deposition must be done to reach overpotentials closer to ~400 mV for the OER.   
 However, it is important to note that the solubility of Fe(bpmcn)Cl2 in water can only reach 
0.01 M at room temperature in 0.1 M electrolyte.  Further, increasing electrolyte concentration 
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toward 1 M NaCl decreases the solubility of Fe(bpmcn)Cl2 below 0.01 M.  Therefore, temperature 
must also be explored as a variable to increase solubility of the precursor while also being able to 
change the electrolyte concentration.  Depositions of FeOOH have electrolyte concentrations that 
range from 0.1 M to 3 M of chloride or perchlorate salts containing either sodium or ammonium 
cations, and Fe-based precursor concentrations from 0.02 M to 0.05 M.2–5 With that in mind, future 
experiments must also explore the role of pyridyl and/or amine-based h4 L-type ligands to replace 
the bpmcn ligand to understand effects on morphology and overpotential for the OER under basic 
conditions. 
 
4.5 Conclusions 
 a-FeOOH was successfully synthesized from basic conditions both in solution when 
exposed to air, and from the electrochemical deposition from a Fe(bpmcn)Cl2 precursor at room 
temperature.  Morphology of the powders and films yield high aspect ratio particles, with platelet-
like structures as low as 21 nm in width when electrodeposited onto a conductive FTO substrate, 
and a mostly amorphous structure with poor crystallinity close to that of goethite.  While 
overpotentials at highly alkaline conditions show OER occurs at overpotentials around 500 mV, 
this may be reduced through optimization of electrodeposition conditions by changes in 
Fe(bpmcn)Cl2 concentration, temperature of deposition, and replacements of the h4 L-type ligand 
bpmcn with other pyridyl and/or amine-based ligands.  It will be important to characterize the 
symmetry of new L4FeCl2 complexes and how that affects morphology and overpotential for 
reaching 10 mA cm–2 in pH 14 NaOH solutions. 
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Chapter 5 
Discussion-Centered General Chemistry Laboratories for Hands-On 
Teaching of the Scientific Method 
 
5.1 Introduction.  
This chapter now changes gears in order to focus on my time in chemical education, 
expanding on ways the University of Michigan Chemistry Department could educate its 
introductory chemistry students. The Department of Chemistry at the University of Michigan 
provides an opportunity for graduate students interested in pursuing careers in education to acquire 
experience developing new techniques to improve the learning experience for its students.  This 
opportunity is offered through the Chemical Sciences at the Interface of Education | University of 
Michigan (CSEI|UM) Future Faculty Graduate Student Instructor (FFGSI) program, where the 
graduate student obtains a 25% appointment as a FFGSI, and 25% appointment as a Graduate 
Student Instructor (GSI) in a particular course offered through the department.   Over the 2016 – 
2017 academic year, I was given this opportunity through their general chemistry laboratory 
course, CHEM 125/126.  In the UM Chemistry department, faculty and staff provide general 
chemistry laboratory instruction to more than 1500 students each year.  This laboratory is 
structured as a 2-credit, one-semester course that is broken up into two parts: 1 hour per week for 
lecture, 1 hour per week for presentation-style teaching demonstrations presented by students to 
GSIs, and a 2-hour laboratory experiment written by the instructor that covers a variety of common 
general chemistry topics. During the fall semester, there are approximately 30 graduate students 
who serve as GSIs, and one primary instructor commonly occupied by a staff or faculty member 
with a position in the chemistry department. Currently, large lecture halls in a theater-like setting 
are used to relay information to students in a typical lecture containing >100 students per lecture, 
a style commonly found at larger universities.  However, new formats such as a flipped classroom 
have been suggested in the literature as a means of transforming the classroom structure toward an 
improved learning experience.1–7.  Although introductory courses in chemistry commonly 
implement smaller discussion or recitation groups to improve student-instructor interactions, this 
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strategy is not often applied to the chemistry laboratory.  This choice of structure is commonly 
attributed to the interactive nature of the laboratory itself; however, discussion of the results during 
the laboratory period could give students the opportunity to discuss the data just collected in lab 
with the instructor present.  At large institutions, the instructor inside the laboratory is often a 
graduate student instructor or teaching assistant.  It is common and effective for undergraduate 
students to gain research skills in our department through joining a research lab as an 
undergraduate, where they are mentored under a graduate student or post-doctoral researcher in a 
research laboratory under the instruction of a principal investigator. To increase and improve our 
students’ exposure to proper and necessary research skills that will prepare them for future courses 
or beyond, I proposed introducing these skills at the introductory level with the goal of easing the 
transition into a research-minded approach to scientific discovery.  In this manner, they can then 
enter a research group with a deeper fundamental understanding of specific lab techniques qnd 
sound reasoning skills needed to succeed in a research laboratory. 
It is common that general chemistry laboratories are used to solely teach students core 
concepts of chemistry and techniques that chemists use to answer scientific questions, I saw a 
greater potential to use the laboratory in a more constructive fashion. In this chapter, I propose 
using general chemistry as a course to teach students how to think like scientific researchers at a 
fundamental level, how to interpret data, engage with theoretical understanding while conducting 
the experiment, and think critically on how to improve their procedures based on preliminary 
results collected in the lab. This concept engages students in the protocols they follow, and thus 
gives students (a) the tools needed to write protocols on their own without guidance, and (b) the 
ability to answer a scientific question they have never been asked.  Often, time spent engaging 
with students is a limiting factor with a lab setting, necessitating allocation for students to conduct 
the experiment, data collection, analyze and engage the collected data, challenge the students to 
think critically about their results in a thorough discussion, and present the findings in a way that 
shows adequate understanding of how research in the sciences should be conducted. 
A flipped classroom in which lectures are typically provided as online lecture videos and 
the classroom is used as a discussion-centered learning environment surrounding direct 
engagement with material alongside the instructor has been tested on numerous occasions to 
improve the learning environment.  This format allows students to engage the material and 
challenge their understanding in an efficient way compared to the more traditional format of 
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lecturing in-class and working on problems at home.  This method has been shown to improve the 
learning experience for students, and has had a positive impact on their understanding of the 
material.1–7 Although this method has been applied extensively to chemistry courses over the years, 
it has only recently emerged as a method that could be suitable for chemistry laboratories.8,9  The 
few examples that are present in literature have shown promising results for students to more 
thoroughly engage the material and connect theory to experimental results.  Several have also used 
pre-lab lecture videos in their classrooms to supplement the coursework completed in class.10,11 I 
apply instructional videos in the laboratory as supplement to the lecture hall format, which 
provides an extra hour in-lab for class discussion of results, and one-on-one interaction with fellow 
students and the instructor of the lab.  Essentially, the additional time may be used to analyze the 
collected data as it was being collected in lab and interpret the results to tie back to key concepts 
discussed in the pre-lab lecture video.  The learning goal of this study was to improve students’ 
capacity to connect theory to experiment with exposure to all facets of the scientific method, and 
effectively use it to answer a new scientific question.  In this chapter, I will discuss 2 major points: 
1) the impact on the students cognitive understanding of the material through understanding their 
ability to answer a new, challenging science question, and 2) the student disposition students had 
for this format.  For first proof-of-concept and proper curriculum development, this new format 
was completed on a small scale with n ~ 40 students split between two sections. 
 
5.2 Benefits of Discussion-Centered Format.  
This study narrows the range of students from ~1500 students per year to ~40 (n ~ 20 per 
semester) to focus on developing the format properly for high student success.  The small, more 
personal interactions between students and instructors allows for easier communication and 
observation of positive and negative feedback in a timely manner.  It also allows the course easier 
control for the instructor and higher precision on the information that is conveyed to students.  
Although the small class sizes over two semesters does limit statistical analysis, the focus of this 
study was in the development of a discussion-style portion to our general chemistry laboratory 
course that would receive positive responses from students and intimately engage them with 
hypothesis-based problem solving, procedure development, and chemistry-specific technical 
skills.  The scalability and bureaucratic hurtles of applying this format to the large scale of ~1500 
students is out of the scope of this study; however, scalability was taken into consideration when 
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designing this course, and issues with scalability are discussed in the limitations section of this 
chapter. 
 
5.3 Methodology 
For this study, the Fall 2016 semester was composed of one section of 23 students (n = 23), 
while the winter 2017 semester was one section of 20 students (n = 20).  Students were informed 
at the beginning of the semester and throughout formal assessments that their work would be used 
for research purposes, and gave consent prior to completing the assessments and assignments.  No 
personally identifying information were recorded for online surveys, but names were written and 
removed after grading for any assessments and assignments used for this chapter.  IRB approval 
was obtained for this study,12 and students were made aware of any surveys or exams that would 
be used for the purposes of this study.  Students gave explicit consent for this information prior to 
completing assignments. 
The general format of the course was designed as a 4-hour session.  Before attending lab, 
students were assigned to watch a 15- to 30-minute pre-lab lecture (made by the instructor), and 
complete a pre-lab assignment. During the first hour of the lab session, teaching 
demonstrations/presentations were completed by either one or two teams, which lasted 15-30 
minutes each with time for questions.  A brief overview of the lab experiment was then presented 
by the instructor, which included pointing out where chemicals were, safety hazards that needed 
to be made explicitly clear (when applicable), waste disposal concerns, and a brief overview how 
to use any instrumentation used that day.  A concise description of each portion of the laboratory 
course is described below.  First, I will outline the pieces of the course that remained constant 
throughout both semesters, then discuss the details that were different between semesters.  
Throughout the semester, the graduate student teaching assistant served both as the lecturer and 
the teaching assistant during the lab, and was responsible for writing assignments, exams, quizzes, 
and grading said assignments and exams. 
 
Pre-laboratory videos:  Videos were made using Camtasia 2.0 software, and were approximately 
15-30 minutes in length.  These included PowerPoint presentations with a video of the lecturer 
presented near the bottom left corner.  Included in text and figures, drawings were also used where 
necessary.  During these lecture videos, enough information was conveyed to inform the students 
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of the theory behind what the lab was based on, and introduce them to the techniques they would 
be responsible for performing for the lab. Pre-lab questions were spread out throughout the lecture 
to ensure the students were focused on the important topics to remember. Videos were edited and 
uploaded to YouTube with the Camtasia software.  Videos were made available to students at least 
3 days prior to the laboratory session. 
 
Laboratory experiments:  Lab protocols were given to students at least 3 days prior to the 
scheduled laboratory session.  These experiments took a 2-hour format, where emphasis on 
practical application of chemical knowledge was placed on writing the procedures.  Students were 
required to work in pairs of two or three and changes to these pairings occurred once during the 
middle of the term.  The topics covered included (1) Measurements & Uncertainty, (2) Waters of 
Hydration on Metal Salts, (3) Gas Laws: Collecting gas over water, (4) Introduction to 
spectroscopy:  UV-Vis & chemical Dyes, (5) Determining a Relative Rate Law, (6) Extraction of 
Caffeine, (7) The Equilibrium Constant, (8) Oxidation & Reduction Reactions, (9) The Nernst 
Equation & Galvanic Cells, and (10) Calorimetry: Exchanging energy as heat. The same labs were 
conducted in both sections, albeit in a different order between the Fall 2016 and Winter 2017 
semesters. 
 
Short communications:  These were given to students 2 – 3 times before the full manuscript 
assignment to not only prepare them for the full manuscript, but also to get students to practice 
presenting their results in written format.  These short communications were restricted to a 
maximum of 500 words, which did not include any tables, figures, or schemes that were created 
by the students.  Correct citations were expected where appropriate, and a brief description were 
expected for the goals & hypothesis of the lab, an outline of the procedure, an organized 
presentation of final results, and a conclusion that tied back to the original hypothesis. 
 
Full manuscript:  One full manuscript (5-page maximum) was expected for the experiment “The 
Nernst Equation & Galvanic Cells.”  This manuscript had the typical format of a chemistry 
laboratory report, including a title, abstract, introduction, experimental section, results & 
discussion, conclusions, and references (properly formatted according to a guide given to the 
students).  A detailed description of what was to be expected was given to students at the beginning 
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of the semester, which outlined both good and bad examples for many of the sections.  These 
reports were structured around having students engage entirely with the material, including the 
technique, the data analysis, hypothesis writing, conclusions, conceptual questions surrounding 
their data, and future work proposed based on their experiments.  Students were not graded on 
accuracy, but rather their presentation of the material, proper citation of literature values, and 
proper conclusions made about their individual/class data. 
 
Post-semester survey:  After the semester was over, students were given an online form (Google 
Forms) to fill out that asked a series of questions related to the material and style covered during 
their respective semesters.  These were collected anonymously with no ties to the students, and 
were given to students after grades had been submitted.  In addition, no grade was assigned to the 
students after the completion of this survey, and was completely voluntary. Question 1 collected 
demographic information, while for statements 2–10 students were asked to respond to on a scale 
of 1 (strongly disagree) – 5 (strongly agree) are listed as (1) What year were you when you took 
this course? (2) After taking this course this academic year, I feel that taking this course was the 
right decision for me, (3) After taking this course this academic year, I felt the pre-lab lectures 
were adequate to prepare me for the laboratory experiments, (4) After taking this course this 
academic year, I would recommend other students or my peers to take this section of CHEM 
125/126, (5) After taking this course this academic year, I feel that I was more interested in 
pursuing scientific courses, (6) After taking this course this academic year, I felt like I was 
successfully taught the scientific method and have a good understanding of how it works, (7) After 
taking this course this academic year, I feel that the extra hour dedicated to discussion portions of 
this section were valuable to my overall learning experience for this course, (8) After taking this 
course this academic year, I feel the teaching demonstrations were useful in helping me grasp 
concepts of the labs and think critically about my data and/or class data, (9) After taking this course 
this academic year, I feel that I learned the basic techniques taught during the sections of this 
course, and (10)Compared only to other scientific courses I have taken, I would rank this section 
as one of the most valuable courses I have taken in the sciences. 
 
Midterm exams: The midterm exam contained a mix of questions relating to theoretical 
understanding of the techniques, problem-solving skills, interpreting data, and 
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based on the given results.  No laboratory component was given for this exam, and was entirely 
short answer questions with calculations required for some of the questions. 
 
Pre- and post-semester diagnostic quizzes:  These quizzes were ungraded documentation to 
demonstrate to the instructor how prepared the students were for the semester, and how well they 
could apply their newly acquired skillset using the scientific method at the end of the semester.  
The questions were written to test how much they knew about the conceptual topics covered during 
the semester, as well as how well they could formulate hypotheses and write procedures based on 
a scientific question.  
 
Teaching Demonstrations:  15-30 minute presentations were expected for each student to present 
either a difficult chemistry-related conceptual question to the class that was related to the 
previously conducted experiment the week prior, or give a presentation on their results and 
conclusions of a previous experiment they conducted in lab. The students were expected to 
demonstrate a deep knowledge of the topic by exploring a difficult concept within the topic of the 
previous lab experiment.  Examples of topics covered during the teaching demonstrations in which 
a challenging problem was discussed were comparing the ideal gas law to the equations governing 
real gasses, discussing a recently published journal article on the extraction of citric acid from 
aqueous media,13 and the various waters of hydration for sodium sulfate decahydrate, also known 
as Glauber’s salt.14 Example calculations were also expected to be presented during these teaching 
demonstrations, and a mix of “chalk-talks” and PowerPoint presentations were commonly used by 
the students.  Students who gave presentations on their data from a previous experiment were 
required to give adequate background information to demonstrate good understanding of the topic, 
a brief outline of the experimental protocol, and a thorough interpretation of their data.  A new 
scientific question that expands further on the results of their previous experiment was also 
expected in their presentation. 
 
Lab Practical:  This practical exam for both semesters involved probing the effect of ligands on 
the electrochemical potential of metal cations.  The Fall 2016 practical focused on exploring the 
effect of neutral ligands around a central Zn2+ cation on the electrochemical reduction potential in 
a galvanic cell.  For this comparison, students were told the week of the galvanic cells experiment 
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during the semester that the practical exam was based on that experiment, to ensure good note 
taking and proper preparation.  During the exam, students were presented a question: how does 
the effect of ammonia surrounding Zn2+ change the electrochemical potential for the half reaction 
Zn2+ + 2e— → Zn0(s), given that E0red (Zn2+/0) = -0.76 V?  This question was presented to them on 
the day of the exam with no previous knowledge of the question.  Hypotheses were expected to be 
drawn based on the scientific question presented, then a procedure was expected to be written 
during the 2-hour timeslot given for the exam.  Students were then expected to complete the 
experiment they wrote a procedure for, and collect the necessary data to analyze in the context of 
their original hypothesis.  Students were then asked a series of conceptual questions surrounding 
the original scientific question, including making conclusions about their original hypothesis.  The 
measure of success for this exam was not based on accuracy, but rather their ability to formulate a 
hypothesis, create a procedure, conduct the procedure, analyze the collected data, and interpret the 
results in the context of their original hypothesis to make conclusions supported by data.  Students 
had access to their notes, pre-lab videos, previous lab protocols, and any accessible website 
deemed credible during the exam.   
The Winter 2017 practical focused on exploring the effect of both anionic and neutral 
ligands around a central Zn2+ cation on the electrochemical reduction potential in a galvanic cell.  
For this comparison, students were told two weeks before the practical exam that the topic covered 
would be the techniques and concepts surrounding galvanic cells and electrochemical cell and 
reduction potentials.  During the exam, students were presented a question: what effect do the 
properties surrounding anionic and neutral ligands have on the electrochemical reduction potential 
of Zn2+/0, given that E0red (Zn2+/0) in a 0.1 M solution of Zn(NO3)2 = -0.76 V?  This question was 
presented to them on the day of the exam with no previous knowledge of the question.  Hypotheses 
were expected to be drawn based on the scientific question presented with only one independent 
variable identified, then a procedure was expected to be written during the 2-hour timeslot given 
for the exam.  Students were then expected to complete the experiment they wrote a procedure for, 
and collect the necessary data to analyze in the context of their original hypothesis.  Students were 
then asked a series of questions surrounding the original scientific question, including making 
conclusions about their original hypothesis.  The measure of success for this exam was not based 
on accuracy, but rather their ability to formulate a hypothesis, create a procedure, conduct the 
procedure, analyze the collected data, and interpret the results in the context of their original 
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hypothesis to make conclusions.  Students had access to their notes, pre-lab videos, previous lab 
protocols, and any accessible website deemed credible during the exam.  
 
5.4 Measuring Student Success & Feedback to Format.  
Although this course was structured to maintain exposure of students to common general 
chemistry techniques and concepts (gas laws, the Nernst equation, calorimetry, etc.), the primary 
learning goal of the course was to give students a hands-on experience using the scientific method 
from start to finish, and prepare them for the practical exam at the end of the semester.  A successful 
term would yield high percentages of students correctly writing hypotheses and interpreting data 
during this practical, where they were asked to reiterate the scientific question posed in the text of 
the exam, write an original hypothesis, write and perform their own individual procedure, analyze 
their collected data, draw conclusions about their results in the context of their original hypothesis, 
support or reject their original hypothesis, and present their future work and a new question to 
answer if they were to continue exploring the topic covering the exam. 
 
Pre-lab lecture videos. Students were on average positively receptive to the pre-lab lecture videos 
for both Fall 2016 and Winter 2017 semesters.  Outside of students’ opinion of the teaching style 
and presentation skills of the instructor, the accessibility and utilization of the videos during lab 
was obvious during the laboratory session.  It was common to observe students referring to the 
video after data collection to re-engage with the theoretical concepts governing the chemical 
reactions or phenomena they were exploring for that experiment.  This is quite unique to this 
format of chemistry laboratory, and quite different from the typical lecture-hall format the 
University of Michigan’s Department of Chemistry currently utilizes.   
 
Practical Exam Results Fall 2016. The practical exam was analyzed in sections ranging from 
students’ ability to correctly identify variables for a hypothesis and write them in the correct 
format, thorough procedures that outline the experiment the student will conduct, and will collect 
data that directly supports or rejects their hypothesis, correct calculations and analysis of their data, 
and drawing correct conclusions from their results as they pertain to their original hypothesis.  I 
was also interested to see if students could understand future work presented to them after 
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analyzing their data and running through the experiment.  This exam focused solely on the effect 
of ammonia around Zn2+ on the reduction potential of Zn2+/0, and did not involve other ligands. 
Out of 23 students, 100% developed a working hypothesis that contained an independent 
variable, dependent variable, and written in such a way to demonstrate they would control the 
independent variable and measure the direct variable.  One minor error associated with these 
hypotheses were that students stated the reduction potential would increase or decrease, rather than 
be more specific (more negative or more positive reduction potential).  All students were also able 
to create a working procedure that would correctly answer the question set forth in the exam, and 
support or reject their hypothesis.  However, many students left out key pieces of information, 
including concentrations of the half-cell electrolyte solutions (0.1 M Zn(NO3) and 0.1 M 
Zn(NH3)4(NO3)2) and not noting the necessity of a positive electrochemical cell potential (which 
electrode is anode or cathode).  The latter mistake was commonly translated when reporting 
electrochemical cell potentials in the results section of the exam.  Only 73% of students correctly 
set up their galvanic cells to read a positive Ecell, and only 27% correctly calculated the reduction 
potential of the Zn(NH3)42+ +2e— → Zn0(s) + 4NH3(g) from their electrochemical cell potential, 
even if their Ecell was reported negative.  This translates to a lower fundamental understanding of 
the technique used in this lab than expected.  However, 73% of students could make a conclusion 
whether to support or reject their hypothesis given their calculated values (even if they were 
fundamentally incorrect results calculated).  While students did not have a deep enough 
understanding of what values to expect using this characterization technique, most students were 
able to correctly draw conclusions from data regarding their hypothesis. 
This misconception of electrochemistry seemed apparent in the follow-up questions 
surrounding the theory behind the observations they measured.  ~65% of students correctly 
presented their data in figure form (plotting their reduction potentials on an electrochemical 
potential scale, determining why electrons flowed from the anode to the cathode in this specific 
system, etc.).  The most common mistakes made were regarding the potential reaction between 
Zn(NH3)42+ and Al(s).  While they were given the reduction potential of Al3+ to Al0(s), many 
students could not translate their reduction potential calculated in the exam for Zn(NH3)42+ + 2e— 
→ Zn(s) + 4NH3(g) to produce a net chemical reaction shown in Eqn. 5.1.  The primary flaw 
seemed to be a disconnect between the signs of reduction potentials and the direction of electron 
flow from reducing agents to oxidizing agents. 
  97 
 
3Zn(NH3)42+ +  2Al(s) →  3Zn0(s) + 2Al(NH3)63+  E0cell = 0.62 V Eqn 5.1 
 
Although it was acceptable to show Al3+ + 6NH3(g) as a product, only 55% of students correctly 
identified this reaction in this specific question given their data collected. 
Overall, this exam showed us that students taught with this format could write hypotheses 
and identify similar protocols to use for new experiments proposed. Students’ capability for 
analyzing data and relating it back to theory were lacking behind expectations; however, many 
still did prove a tight grip on the material and their ability to use the scientific method effectively. 
 
Practical Exam Results Winter 2017. The practical exam was analyzed in sections ranging from 
students’ ability to correctly identify variables for a hypothesis and write them in the correct 
format, thorough procedures that outline the experiment the student will conduct, and will collect 
data that directly supports or rejects their hypothesis, correct calculations and analysis of their data, 
and drawing correct conclusions from their results as they pertain to their original hypothesis.  I  
was also interested if students could think of new scientific questions and experiments that relate 
to the topic of the practical exam. 
90% of students taking the exam correctly identified independent and dependent variables, 
and correctly formatted the hypothesis such to imply they would control the independent variable 
and measure the dependent variable.  Only minor errors (such as claiming their independent 
variable would increase/decrease the electrochemical reduction potential of Zn2+/0 instead of 
saying the potential would become more negative or positive).  When writing procedures to gather 
data in support of their hypothesis, 60% of students laid out properly formatted protocols that 
identified all materials needed with important specifics listed, with only minor issues.  The most 
common mistake for those that did not fit within this stipulation was a combination of ensuring a 
direct comparison of ZnLn solutions with the same Zn(NO3)2 reference half-cell, and outlining 
specifics on details like anode and cathode, concentrations of solutions, and outlining the specific 
galvanic cells they would be building.  Setting aside these common mistakes, 90% of students 
were still able to write procedures that would correctly support or reject their original hypothesis.  
However, it is important to note that only 60% of students wrote procedures that wrote procedures 
that could easily be reproduced by another person without missing crucial information. 
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85% of students correctly analyzed the data collected during their exam fully required.  
This included correctly reporting the reduction potentials of Zn2+/0 in the presence of various 
ligands (anionic and neutral), and placing them on an electrochemical potential diagram with more 
negative potentials at the top and more positive potentials near the bottom.  Few students made 
significant errors (3 out of 20), and the most common mistake was forgetting units on the reduction 
potentials.  However, drawing conclusions from this data set was more challenging for students.  
Only 45% of students taking this exam correctly answered the questions related to describing the 
trends in data fully required.  While 7/20 students correctly identified all necessary conclusions 
needed, 10/20 made significant errors in drawing conclusions based on their results reported.  
Although mistakes varied, many of them were common mistakes to be expected by an introductory 
student.  These included generalizing trends without referring to their data to back up claims, and 
misinterpretations of what an “anionic ligand” vs “neutral ligand” meant, even though a pre-lab 
instructional video was given to students about that specific topic.  This was also observed when 
students were asked to support or reject their hypothesis.  Some data collected from students were 
very inconsistent, and no trend could be observed; however, many of these students still tried to 
make a conclusion about this data when there was no obvious trend to observe.  This is also a 
common mistake that I would expect from an introductory student.  Overall, 55% of students 
correctly supported or rejected their hypothesis, with 11/20 students doing so with no errors in 
explanation or presentation. 
When it came to presenting a new scientific question related to electrochemical potentials 
and galvanic cells, 80% of students successfully identified a valid question and made valid 
hypotheses that were within reason of a general chemistry student.  The most common mistake 
was over-generalizing the dependent variable of electrochemical reduction potentials (stating it 
would increase or decrease rather than becoming more negative or positive).  Excluding this error, 
16/20 students correctly proposed new future work that they were interested in learning regarding 
galvanic cells and the Nernst equation.  Examples of topics given by students were exploring 
concentrations of neutral ligands in solution and how temperature of the solution affects the 
reduction potential of metal complexes surrounded by neutral ligands. 
Overall, I believe this practical exam coupled with the proposed teaching format gives 
students not only the proper exposure to techniques, but also teaches them the scientific method 
effectively at the introductory level.  This adds to the current method of teaching at the University 
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of Michigan without significantly altering the course load for students, yet still exposes them to 
more valuable information that they can take with them in other scientific courses or even the 
research lab.  The average for this exam was an 81% ± 16%, implying the average student that 
leaves this section can correctly work through ~80% of the scientific method from start to finish 
(excluding oral presentation) independently given a topic that they are well familiar with. 
 
Post-semester survey. The results of the post-semester survey for the Fall 2016 and Winter 2017 
semesters students that responded are below.  Overall, only n = 19 students responded from both 
sections, 9 students from the Fall 2016 section and 10 students from the Winter 2017 section. 
 
Table 5.1.  Post-semester survey response results for students taking the fall 2016 (9 respondents) 
and winter 2017 (10 respondents) semesters of general chemistry laboratory. Numbers correspond 
to perentage of respondents. 
 
 Favorable 
4 - 5 
(F16 / W17) 
Neutral 
3 
(F16 / W17) 
Unfavorable 
1 - 2 
(F16 / W17) 
 
Right decision 
 
 
7 / 8 
 
0 / 1 
 
2 / 1 
Pre-lab lecture 
videos 
 
6 / 6 1 / 1 2 / 3 
Recommend 
course to others 
 
5 / 5 1 / 3 3 / 2 
Pursuing other 
science courses 
 
3 / 3 1 / 5 5 / 2 
Scientific method 
skills 
 
6 / 9 1 / 0 2 / 1 
Discussion-section 
 
5 / 7 2 / 2 2 / 1 
Teaching 
Demonstrations 
 
3 / 5 1 / 2 5 / 3 
Learned Basic 
Techniques 
 
5 / 8 1 / 1 2 / 1 
Valuable science 
course 
5 / 5 2 / 2 2 / 3 
 
Students had a positive outlook on the second semester of this course, with 80% of students 
responding that taking this course was the right decision.  For both sections, it seems that most 
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students would recommend this course to others (56% for F16, 50% for W17).  Some students felt 
neutral to this idea, which could be due to uncertainty in how other students might respond to such 
a recommendation.  It is important to note that both sections found the extra hour dedicated to a 
discussion session at the end of the lab experiment extraordinarily valuable.  These sections were 
used to work out calculations and review data analyses with others, while also discussing the 
conceptual questions as a group.  To be clear, these discussion sessions were not used to hand out 
answers.  Rather, they were used as a time slot for the lab to operate similarly to a recitation section 
for the lab, where the teaching assistant would run over questions about the lab with the group 
while still in the lab and have the students discuss amongst the group what a possible answer may 
be, what types of data points students collected, or difficult concepts that many within the group 
needed to review with the teaching assistant.  Specifically, all of those who responded favorably 
in the Fall 2016 section rated “strongly agree” that the discussion was valuable to their learning 
experience.  For the winter 2017 term, 71% of those who showed favorable views of the discussion 
portion of the lab strongly agreed that it was valuable to their learning experience in this course. 
 
5.5 Limitations to the Discussion-Centered Format.  
There are a few points of this study that limit the scope and scalability that must be 
discussed.  Although making pre-lab lecture videos as the sole delivery method of information to 
students may be unrealistic at a large-scale setting such as the University of Michigan, these videos 
can easily serve as supplementary information during labs and after class in addition to lecture hall 
style teaching.  However, practitioners who teach courses of chemistry which have course and lab 
as one entity (i.e. separate credits are not assigned to lab and lecture), pre-lab videos may serve as 
a suitable addition to their classes to both prepare students for lab and not take valuable one-on-
one time with students to lecture on the material in detail. 
It must also be pointed out that the Winter 2017 semester was taught with more emphasis 
on hypothesis-writing, procedure-writing, and data interpretation than the Fall 2016 semester.  This 
was because of feedback received from students both from the lab practical and end-of-term 
evaluations.  Many students still lacked in core conceptual understanding of the material during 
the Fall 2016 semester about electrochemistry, even though a large emphasis of the course was 
structured around galvanic cells and redox chemistry.  This was also during a semester where 
challenging problem solving was a core entity in the teaching demonstrations given by students.  
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It was decided for the Winter 2017 semester that more focus should be on data interpretation and 
thinking of unique scientific hypotheses that were testable in our laboratories.  Although the 
change was in response to student feedback from the Fall 2016 semester to improve the learning 
experience for students in the Winter 2017 semester, it does limit the interpretation of how 
presentation-style problem solving impacts student learning. 
The size of the course being limited to ~22 students per semester also limited the statistical 
analysis of this study and does not provide any statistical evidence suggesting a discussion-
centered general chemistry laboratory increases student’s reasoning skills compared to the 
traditional format adopted by the Department of Chemistry at the University of Michigan.  
However, it is important to remember the scope of this study was isolated to formulating this new 
format at UM, with statistical analysis of this technique to be completed once the correct format 
was developed and fundamental details of the format were put into practice and shown to be 
feasible at the small scale. 
The larger point that this study reveals is that recitation or discussion-style settings of 
chemistry laboratories was positively received from students in improving their understanding of 
the scientific method when emphasis is placed on this during the labs.  However, it is imperative 
that students pay individual attention to the material outside of a structured class time to challenge 
themselves on the material, as conceptual knowledge of the material did not seem to change much 
solely based on the different format.  Presentations of the data did seem to introduce scientific 
communication to the students, but it did not add much to the overall learning goal for students to 
use the scientific method effectively and independently.  Therefore, a discussion-style setting 
implemented within the large-scale chemistry laboratory settings is recommended, one that would 
focus less on oral presentations during a laboratory period.  If this format were adopted at the larger 
scale, this study suggests that using the pre-lab instructional videos as supplementary guides and 
tutorials in addition to a more traditional lecture hall style is best.  In addition, discussions could 
be instituted at the end of the lab experiment as a full 1-hour time slot, and smaller time (~5-10 
minutes) could be allotted for presentations of challenging problems rather than the longer 15 – 30 
minute presentations.  Lastly, the implementation of the practical exam showed that at least 3 
similar lab practicals are needed to accommodate multiple sections that meet throughout the week.  
It is important that students have two-weeks advance notice of the lab practical topic so that they 
can prepare sufficiently, and that only numerical values (e.g.—concentrations) or non-essential 
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chemical parameters (e.g.—spectator ions in this case) should be altered between each lab 
practical. 
 
5.6 Conclusions 
This study sought to develop a discussion-centered general chemistry laboratory in the 
Department of Chemistry at the University of Michigan that would increase students’ participation 
in the scientific method, with an end-of-term lab practical as an evaluation tool.  Surveys were also 
used to probe the level of acceptance students had for the various materials and structural entities 
developed in the study.  It is suggested from the post-semester survey data and results of the lab 
practical from both sections that students had overall a positive response to the format.  In the 
Winter 2017 semester, more emphasis was placed on hypothesis-based science, drawing 
conclusions specifically related to students’ original hypothesis, and thinking of new ideas to test 
for future experiments.  This was different from the Fall 2016 semester, which focused more on 
theoretical understanding of the material through oral presentations and difficult follow-up 
questions during discussion portions of the laboratory session.  Students found the discussion 
portion of the laboratory to be paramount to their success, while presentation-style teaching 
demonstrations had a lesser, but still positive influence on students. 
Although students were not experimenting with their own questions and designing their 
own experiments throughout the semester, they were constantly engaged with the idea while also 
exploring the common techniques learned in a general chemistry setting.  The format allowed 
students to get acquainted with the scientific method slowly without over-burdening them with 
answering difficult experimental questions they only recently were exposed to.  On the other hand, 
lab protocols that are structured to integrate previous concepts and techniques, and later labs that 
are allow students to explore their own scientific questions independently would match well with 
the learning goal of this study.  
This new format gives students more time to review the material on their own outside of 
lab before attending lecture, moving at their own pace to engage the material, show stronger 
participation during lab, and an experience involving a productive and research-like lab 
environment.  The material learned in this section was designed to translate the students to higher 
level science courses that do require them to think about their own scientific questions, designing 
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new hypotheses on topics that they have not yet explored, and even prepare them to join a lab as 
an undergraduate research assistant. 
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Chapter 6 
Conclusions and Potential Future Directions 
 
6.1 Summary of Presented Work 
 The work presented herein quantifies stability ranges and conditions by which common 
anchoring groups and molecular dyes and catalysts can be used for molecular/solid-state 
photoanodes in solar water splitting cells.  Specifically, 1) the common tether phosphonic acid is 
not suitable for neutral pH conditions by which many of molecular water oxidation catalysts such 
as Ru(bda)(pic)2 and Fe(bpmcn)Cl2 are more active for the OER.  Instead, hydroxamic acid 
provides added stability throughout the pH range, despite the lower binding constant under acidic 
conditions compared to phosphonic acid.  2) Fe(bpmcn)Cl2 has a distinct pH range for operation, 
and inert storage conditions by which long-term stability can be provided.  Specifically, operating 
under highly acidic or basic conditions forces the decomposition of the complex through the 
dissociation of the Fe2+ or Fe3+ center, leaving either [Fe(H2O)6]2+ in acidic conditions, or a-
FeOOH under basic conditions.  While this catalyst is most cost-effective compared to other 
common WOCs, its inherent instability under conditions typically observed during PEC water 
oxidation leave it non-ideal for a molecular/solid-state photoanode without redesigning the ligand 
for higher stability while maintaining OER activity.  3) Morphology of the a-FeOOH 
electrocatalyst can be influenced both during precipitation in base under air and electrochemically 
deposited, through the use of the h4 bpmcn ligand bound to Fe2+ with C2V symmetry. 
 
6.2 Improving Adsorption and Stability of Molecular|Solid-State Photoanodes 
 In Chapter 2, I presented my work on the quantitative analysis of phosphonic acid and 
hydroxamic acid as viable anchoring groups for tethering [Ru(bpy)3]2+ to TiO2 and WO3. Although 
hydroxamic acid does suit better for binding molecular dyes or catalysts to the surface of TiO2 
over phosphonic acid in neutral and basic conditions, it is still not ideal for long-term stability of 
molecule|semiconductor interaction over time.  With a binding constant ~103, the lifetime of the 
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photoanode in aqueous solution is a mere couple of hours prior to significant dissociation from the 
metal oxide surface.  It is therefore paramount that a functional group that binds tightly to metal 
oxides with KB ≥ 105 while also maintaining adequate electron transfer from the molecular dye or 
catalyst to the semiconductor surface.  One example that has been recently reported is silatrane 
and triethoxysilane, reported to have long-term stability for bound molecular dyes and catalysts to 
the surface of TiO2 with a pH range from 2 to 11.1,2  However, careful investigation into the binding 
constant and rates of adsorption/desorption as a function of pH have not been completed on this 
anchor, making it difficult to conclude the longevity of its possible interaction with a metal oxide 
surface both in the dark and under illumination during standard operation of a PEC cell.  In 
addition, many report burying these complexes inside an insulating layer such as Al2O3, TiO2, or 
ZnO improves stability of the molecule|solid-state interaction, but also suffer photocurrent loss 
and in some cases still continue to desorb the complexes over time during operation.3  
It is worthy to consider depositing a solid-state layer to provide adequate stability of the 
molecular catalyst or dye to prevent dissociation from the surface. But, instead of using a molecule, 
use a solid-state electrocatalyst capable of both withstanding the harsh conditions of water 
oxidation while also serving as an electric contact between the electrolyte, the molecular dye or 
catalyst, and the metal oxide surface.  Electrodeposition of a-FeOOH has already been shown to 
occur in conditions by which a molecular tether such as hydroxamic acid can be bound long enough 
for deposition of the metal oxyhydroxide to occur, both in Chapter 4 of this thesis and within the 
literature.4,5,6  Therefore, it would be a synthetically simpler approach for increasing the stability 
of the molecular|solid-state photoanode by replacing insulating metal oxides with electrocatalytic 
metal oxyhydroxides active for the OER.  However, it is worth mentioning that any 
electrodeposition of a-FeOOH should involve a photoelectrodeposition step at first, in order to 
ensure that deposition occurs at the molecular dye, where light absorption would take place.  
Photoelectrodeposition has been used in the past to coat BiVO4 and WO3 with FeOOH to ensure 
good electrical contact between the FeOOH film and the electrochemically active sites on the 
underlying metal oxide semiconductor.4,5 This ensures that the molecular complex itself is indeed 
buried within the material deposited, while also providing good electrical contact to the material 
being deposited. 
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6.3 Taking Advantage of the FeIII–O2– Adduct in Oxidation Reactions 
 In Chapter 3, I discussed my work describing the dissociation of Fe2+ from the bpmcn 
ligand under highly acidic and basic conditions, and the inherent reactivity of the Fe(bpmcn)Cl2 
complex under illumination in the presence of O2.  Outside of WOCs, many chemists have used 
non-heme iron complexes in C–H activation of organic substrates and rely on sacrificial oxidants 
to do so.7–10 Ideally, dissolved O2 can be used as the oxidant instead of sacrificial oxidants with 
the help of visible light to provide the energy needed to drive the reaction, as discussed in the 
introduction of Chapter 3 with the formation of FeIII–O2–.  However, exploration must be done to 
probe the reactivity of the FeIII–O2– intermediate formed by illuminating Fe(bpmcn)Cl2 in the 
presence of oxygen to understand its reactivity toward organic substrates with an activated C–H 
bond for oxidation, such as benzyl alcohol as a test substrate.  Further, if the complex is reactive 
toward this substrate, it is crucial to understand the possible byproducts formed, and whether this 
complex can act catalytically under these conditions.  If conditions are met to make this complex 
undergo catalytic C–H activation under illumination in the presence of O2, it could serve as a 
starting point for zero-waste C–H oxidation.  However, the first step in pursuing this possibility 
must include determining the decomposition products of oxidation with FeIII–O2–.  Given that this 
complex is already known to undergo oxidation at the C–N bond at the alpha-carbon of the pyridine 
ring in bpmcn, as shown in Chapter 3, it is possible that this complex could also serve to oxidize 
a substrate like benzyl alcohol to benzaldehyde under mild conditions.  If the complex oxidizes 
the substrate stoichiometrically by ending at a product that contains ligands at the active site of the 
Fe-complex which are difficult to eliminate in a catalytic cycle.   It would the be worth pursuing 
additives or conditions  such as a strong acids or bases suitable for returning the complex to the 
active FeIII–O2– species if possible. 
 
6.4 Ligand Dependence on and Optimization of a-FeOOH Electrodeposition Morphology 
and Film Thickness 
 
 In Chapter 4, I discussed my work highlighting the decomposition of Fe(bpmcn)Cl2 to a-
FeOOH, which was shown to be active for water oxidation under 600 mV overpotential at pH 14, 
with anisotropic growth of the particles in both precipitation reactions in solution in air, and 
electrodeposition onto FTO substrates.  It is important to note that the reasoning behind anisotropic 
growth of a-FeOOH is still unclear.  Possibilities include the slow release of Fe(bpmcn)Cl2, leading 
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to slightly more crystalline growth and less nucleation.  It is also possible that the bpmcn ligand 
serves as a chelating agent during particle growth, similar to other chelating agents in preparation 
methods for the synthesis of a-Fe2O3.11,12  Further work must be done to understand the particular 
functionality of the ligand, including dynamic light scattering experiments to probe crystal growth 
dynamics, and zeta potential to measure particle size distributions and growth rate as a function of 
pH, concentration of Fe(bpmcn)Cl2, and temperature.13,14  It is also important to explore how the 
identity of the ligand, including the coordination number, functional groups chelated to the metal 
(pyridyl, amine, amide, alcohol, carboxylate, etc.), and symmetry of the complex affects growth 
of the particles.  These variables could help identify key parameters that govern particle size, 
morphology, and crystallinity.  Given it is still unclear what role the ligand plays in how a-FeOOH 
precipitates from Fe(bpmcn)Cl2, these experiments may provide insight into how researchers can 
influence the growth of electrocatalysts such as NiOOH or FeOOH, two well-known 
electrocatalysts with high activity for water oxidation under low applied bias.6,15 
 
6.5 Summary and Concluding Remarks 
 With the work I have presented in this thesis, I have demonstrated attention to detail 
regarding stability and practicality of molecular|solid-state photoanodes built from the ground up, 
starting at the anchor-metal oxide interaction and moving toward the chemical stability of the 
molecular complex tethered to the surface.  This thesis stresses careful choice and design of the 
molecular|solid-state architectures in PEC cells to optimize the Faradaic efficiency of the 
photoanode for water oxidation with visible light for extended periods of time.  While a few years 
ago, a lot of focus in the literature was spent on designing high photocurrent systems with these 
types of architectures, attention has now moved toward increasing the stability to maintain these 
high photocurrents (> 1 mA cm–2) and high selectivity.  This thesis adds to that story, and focuses 
the attention on the anchor itself in addition to carefully considering the conditions suitable for the 
chosen molecular dye or catalyst and the semiconductor on which it is to be anchored.  As 
mentioned earlier, there have been attempts to bury complexes bound to surfaces with insulating 
materials to prolong the interactions between the molecular catalyst or dye to the surface; however, 
I propose that these insulating materials be replaced with solid-state electrocatalysts that serve both 
to prolong the molecular|solid-state interactions, and increase kinetic rates of reaction for water 
oxidation on the surface. 
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Appendix A 
Supporting Information for Chapter 2 
 
 
Figure A1.  1H NMR spectrum of diethyl-4,4’-phosphonate-2,2’-bipyridine in CDCl3 
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Figure A2.  13C NMR of diethyl-4,4’-phosphonate-2,2’-bipyridine in CDCl3 
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Figure A3.  31P NMR of diethyl-4,4’-phosphonate-2,2’-bipyridine in CDCl3 
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Figure A4.  1H NMR spectrum of Ru-P in D2O 
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Figure A5. 13C NMR of Ru-P in D2O 
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Figure A6.  31P NMR of Ru-P in D2O 
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Figure A7.  1H NMR spectrum of O-(tetrahydro-2H-pyran-2-yl)hydroxylamine (NH2OTHP) 
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Figure A8.  13C NMR of O-(tetrahydro-2H-pyran-2-yl)hydroxylamine (NH2OTHP). 
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Figure A9.  1H NMR spectrum of N4,N4'-bis((tetrahydro-2H-pyran-2-yl)oxy)-[3,3'-bipyridine]-
4,4'-dicarboxamide in d6-DMSO. 
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Figure A10.  13C NMR spectrum of N4,N4'-bis((tetrahydro-2H-pyran-2-yl)oxy)-[3,3'-bipyridine]-
4,4'-dicarboxamide in d6-DMSO. 
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Figure A11.  1H NMR spectrum of Ru-H in D2O. 
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Figure A12.  13C NMR of Ru-H in D2O. 
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Figure A13.  BET plot of TiO2 anatase 25 nm particles from adsorption isotherm with N2 gas. 
 
 
Figure A14. BET plot of WO3 <100 nm particles from adsorption isotherm with N2 gas. 
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Figure A15.  (Left) UV-Vis titration of Ru-P in 0.1 M HNO3, titrating in small quantities of 10 
M, 1 M, or 0.1 M NaOH to raise pH, with absorbance measured at 455nm.  This plot was used to 
approximate the pKa of the first acidic proton of the phosphonated 2,2’-bipyridine ligand bound to 
RuII.  (Right) Acid-base titration plot of Ru-P to determine pKa2, pKa3, and pKa4.  It is noted that 
0.3 mL of NaOH added in 100 mL solution (0.017 mmol) is equal to 1 equivalence versus the 
moles of Ru-P in solution (0.015 mmol), whereas 0.6 mL NaOH added in the 100 mL solution 
(0.035 mmol NaOH) is equal to 2 equivalence versus the moles of Ru-P in solution. 
 
 
Figure A16. Acid-base titration plot of Ru-H to determine pKa1 and pKa2.  It is noted that 0.3 mL 
of NaOH added in 100 mL solution (0.017 mmol) is equal to 1 equivalence versus the moles of 
Ru-P in solution (0.015 mmol), whereas 0.6 mL NaOH added in the 100 mL solution (0.035 mmol 
NaOH is equal to 2 equivalence versus the moles of Ru-H in solution. 
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Figure A17.  Langmuir plots of Ru-P on TiO2 anatase in aqueous conditions at various pH. 
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Figure A18.  Langmuir plots of Ru-P on WO3 in aqueous conditions at various pH. 
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Figure A19.  Langmuir plots of Ru-H on WO3 in aqueous conditions at various pH. 
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Figure A20.  Langmuir plots of Ru-H on TiO2 anatase in aqueous conditions at various pH. 
 
 
 
Figure A21. Langmuir plots of Ru-P|TiO2 at pH 1 using (a) HCl, (b) HNO3, and (c) H2SO4 as an 
acid, and Ru-H|TiO2 at pH 1 using (d) HCl, (e) HNO3, and (f) H2SO4 as an acid 
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Figure A22. Langmuir plots of Ru-P, (black), Ru-H (red), and [Ru(bpy)3]2+ (blue) on TiO2 (left) 
and WO3 (right).  Here, G is defined as the fractional surface coverage of Ru-P, Ru-H, or 
[Ru(bpy)3]2+ onto the surface of either TiO2 or WO3. 
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Figure A23. CV scans of Ru-R|TiO2 or Ru-R|WO3 films (left) at various scan rates, and linear 
plots of scan rate vs. anodic peak current, ip. 
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Figure A24. Cyclic voltammograms of Ru-R on either TiO2 (pH 1, 3, 5, & 7) or WO3 (pH 1 – 4) 
 
 132 
 
 133 
 
Figure A25. Second order rate plots for each cyclic voltammogram in Figure A20. 
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Figure A26. Raman spectra of Ru-H|TiO2 (left) and Ru-2H|WO3 (right) in a solution of 0.1 M 
TBAPF6 in MeCN under no applied bias (black) and after applying 1.3 V vs Ag/Ag+. Spectra 
collected with a 532nm laser inside a glass electrochemical cell with a CaF2 window. 
 
 
Figure A27. First-order rate plot of a Ru-P|TiO2 film soaked (left) in 0.1 M LiClO4 in ethanol 
prior to measuring desorption in pH 1 HNO3, (middle) in 0.1 M NaClO4 in ethanol, and (right) in 
0.1 M TBAClO4 in ethanol prior to measuring desorption in pH 1 HNO3. 
 
 
Figure A28. First-order rate plot of a Ru-H|TiO2 film soaked (left) in 0.1 M LiClO4 in ethanol 
prior to measuring desorption in pH 1 HNO3, (middle) in 0.1 M NaClO4 in ethanol, and (right) in 
0.1 M TBAClO4 in ethanol prior to measuring desorption in pH 1 HNO3. 
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Figure A29. First-order rate plot of a Ru-P|WO3 film soaked (left) in 0.1 M LiClO4 in ethanol 
prior to measuring desorption in pH 1 HNO3, (middle) in 0.1 M NaClO4 in ethanol, and (right) in 
0.1 M TBAClO4 in ethanol prior to measuring desorption in pH 1 HNO3. 
 
Figure A30. First-order rate plot of a Ru-H|WO3 film soaked (left) in 0.1 M LiClO4 in ethanol 
prior to measuring desorption in pH 1 HNO3, (middle) in 0.1 M NaClO4 in ethanol, and (right) in 
0.1 M TBAClO4 in ethanol prior to measuring desorption in pH 1 HNO3. 
 
 
Figure A31.  First-order rate plot of a Ru-P|TiO2 film soaked (left) only in pure ethanol prior to 
measuring desorption in pH 1 HNO3, (middle) in 0.1 M LiClO4 in ethanol, and (right) in 0.1 M 
NaBArF in ethanol prior to measuring desorption in pH 1 HNO3. 
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Figure A32.  First-order rate plot of a Ru-H|TiO2 film soaked (left) only in pure ethanol prior to 
measuring desorption in pH 1 HNO3, (middle) in 0.1 M LiClO4 in ethanol, and (right) in 0.1 M 
NaBArF in ethanol prior to measuring desorption in pH 1 HNO3. 
 
 
 
Figure A33.  First-order rate plot of a Ru-P|WO3 film soaked (left) only in pure ethanol prior to 
measuring desorption in pH 1 HNO3, (middle) in 0.1 M LiClO4 in ethanol, and (right) in 0.1 M 
NaBArF in ethanol prior to measuring desorption in pH 1 HNO3. 
 
 
 
Figure A34.  First-order rate plot of a Ru-H|WO3 film soaked (left) only in pure ethanol prior to 
measuring desorption in pH 1 HNO3, (middle) in 0.1 M LiClO4 in ethanol, and (right) in 0.1 M 
NaBArF in ethanol prior to measuring desorption in pH 1 HNO3. 
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Table A1. R2 and respective rate constants of desorption for Ru-R on TiO2 and WO3 with 
0.1 M various metal salts in ethanolic soaking solutions derived from a 1st-order plot. 
 
 Anchor 
Pure EtOH 0.1 M LiClO4 0.1 M NaBArF 
R2 kD / s–1 R2 kD / s–1 R2 kD / s–1 
TiO2 Ru-P 0.973 (8.3 ± 0.3) ×10
–5 0.971 (8.3 ± 0.3) × 10-5 0.973 (5.8 ± 0.2) ×10–5 
Ru-H 0.803 (8.33 ± 0.02) ×10–4 0.877 (5.5 ± 0.7) × 10–4 0.968 (1.05 ± 0.05) ×10–4 
WO3 Ru-P 0.977 (6.00± 0.03) ×10–4 0.978 (3.1 ± 0.2) ×10–4 0.937 (2.2 ± 0.2) ×10–4 
Ru-H 0.96 (8.37± 0.03)× 10–2 0.994 (1.7 ± 0.5) ×10–4 0.971 (5 ± 3) × 10–5 
 
 
Figure A35.  Log-log plot of kobs of (left) Ru-P|TiO2 and (right) Ru-H|TiO2 vs [OH–] for 
determining order of [OH–] on the rate law of desorption. 
 
 
Figure A36.  Potentiometric titration of a 1cm2 electrode of TiO2 in 200 mL of (black) 0.1 M, 
(red) 0.2 M, and (blue) 0.3 M NaCl at an initial pH = 2.0.  1 M NaOH was titrated at a rate of 1.00 
mL h–1. 
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Appendix B 
Supporting Information for Chapter 3 
 
 
Figure B1.  1H NMR spectrum of bpmcn ligand in CDCl3 
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Figure B2.  13C NMR spectrum of bpmcn ligand in CDCl3 
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Figure B3.  FTIR spectrum of the bpmcn ligand 
 
Figure B4.  ESI-MS(+) spectrum of purified bpmcn ligand 
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Figure B5.  1H NMR spectrum of Fe(bpmcn)Cl2 in CD3CN 
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Figure B6. 1H NMR spectra of a solution of Fe(bpmcn)Cl2 in dry d3-CD3CN under N2 (black) in 
the dark and (red) under 1 sun of illumination for t = 24 hours. 
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Figure B7.  1H NMR spectra of Fe(bpmcn)Cl2 (black) in the dark and (red) after exposure of 1 
sun illumination under O2 for 24 hours in dry acetonitrile. 
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Figure B8. UV-Vis spectra of Fe(bpmcn)Cl2 under O2 (black) in the dark and (red) under 
illumination at 1.5 W with a Xe lamp and 550 nm cutoff filter equipped. 
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Figure B9.  UV-Vis spectrum of 0.2mM Fe(bpmcn)Cl2 (black) prior to and (red) after adding 5 
µL of 30 wt-wt% H2O2 (added to a 10 mL solution of the iron complex), compared to (blue) 0.2 
mM Fe(bpmcn)Cl2 under 1 sun illumination for 24 hours. 
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Figure B10.  UV-Vis spectrum of FeCl2 in dry acetonitrile under N2.  In dry acetonitrile, 
absorption bands appear for FeCl2 at lmax = 240 nm, lmax = 312 nm, and lmax = 361 nm 
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Figure B11.  ESI-MS+ spectra of Fe(bpmcn)Cl2 (a) prior to and (b) after exposure to 1.5 W 
illumination with AM 1.5G filter for 48 hours under O2. 
 
N
N
N
N
N
N
N
N
N
N
FeII
O
Cl
N
N
N
N
FeII O
N
N
N
N
FeII
O
Exact Mass: 493.15
m/z: 493.15
S
Cl
Exact Mass: 415.14
m/z: 415.14
Exact Mass: 425.20
m/z: 425.20
H+
H+
Exact Mass: 339.22
m/z: 339.22
Exact Mass: 262.19
m/z: 262.19
O
N
 148 
 
 
 
 
Figure B12.  ESI-MS+ spectra of Fe(bpmcn)Cl2 exposed to 1.5 W illumination with AM 1.5G 
filter for 48 hours under (a) 16O2 or (b) 18O2  
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Figure B13.  FTIR spectra of Fe(bpmcn)Cl2 after illumination with 1.5W through an AM 1.5G 
filter in acetonitrile under (black) 16O2 and (red) 18O2.  Note the region between 1600 – 1700 
cm—1 where an amide bond typically appears in the IR spectrum. 
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Figure B14. 1H NMR spectra of a solution of Fe(bpmcn)Cl2 in degassed D2O with 0.1 M d-
TFA (pH = 1) in the dark for t=0 minutes (black), 2 hours (red), 4 hours (blue), and 8 hours 
(green). 
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Figure B15. 1H NMR spectra of (black) Fe(bpmcn)Cl2 in 0.1 M d-TFA for 8 hours, (red) free 
bpmcn in 0.1M d-TFA, and (blue) FeCl2 + bpmcn in 0.1M d-TFA. 
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Figure B16. UV-Vis spectrum of (black) FeCl2(aq), (red) bpmcn ligand, and (blue) FeCl2 
with 6 equivalents of 2,2′ bpy in TfOH at pH 1 under N2. 
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Appendix C 
 
Supporting Information for Chapter 4 
 
 
Figure C1.  Mass spectrum of 0.01 M Fe(bpmcn)Cl2 at pH 11 after exposure to air for 3 days. 
 
 
Figure C2.  Mass spectrum of 0.01 M Fe(bpmcn)Cl2 at pH 13 after exposure to air for 3 days. 
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